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INTRODUCTTON 


During recent years the attention of the Medical Research Council 
has been increasingly drawn to the need in this country for more 
active and extensive research work in the physiology of vision. Very 
little work in that subject is being done at any of our Universities, 
and few, if any, recruits to it are in sight. ‘The need, however, is 
urgent, both for the advancement of primary knowledge as such, and 
for meeting the practical requirements, present and prospective, of 
various Government Departments and, more generally, of the medical 
profession. 

A sufficient indication of some immediate needs of this kind was 
given in 1924, when the Council were requested by the British 
Medical Association to consider a resolution unanimously adopted 
at a meeting representative of ophthalmologists from all parts of the 
United Kingdom. In the terms of this resolution the Association 
were recommended *to press strongly upon the Government the 
great need for research upon many unsolved problems of vision in 
relation to the requirements of the combatant services’. 

The Medical Research Council, after consultation with the 
Admiralty, the War Office, and the Air Ministry, appointed a Com- 
mittee to initiate and supervise research work in the physiology of 
vision, to co-operate with other Government Departments, especially 
the Service Departments, in studying problems involving questions of 
vision, and in.so doing to promote so far as possible the attention 
paid to the subject generally at the Universities and other Fen Wer 

At an early stage it appeared to the Committee th ritical 
survey of the work already done in this and other coun(gig$ in some 
parts of the applied physiology of vision would be u o them in 
planning their programme of research. The il accordingly 
made arrangements for Mr. R. J. Lythgoe to p e the analysis of 
the more recent work upon the relation mination to visual 

capacities which is given in the tho vfi The Council share 


the view of the Committee that the pubfiation of this survey may 
assist other workers, especially in a where the contributory 
studies here brought together in $ Gary are numerous, and widely 
scattered in time and place. S 
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6 ILLUMINATION AND VISUAL CAPACITIES 


DEFINITIONS 
(Taken for the most part from Walsh (1923.) 


Tue unit of luminous flux is the Lumen. _ It is equal to the flux 
emitted in a unit solid angle by a uniform point source of 1 interna- 
tional candle. 

Luminous intensity (C.P.) of a point source in any direction is 
the luminous flux per unit solid angle emitted by that source in that 
direction. 

The unit of luminous intensity is the International Candle. The 
illumination at a point of a surface is the surface density of the 
luminous flux at that point or the quotient of the flux by the area of 
the surface when the latter is uniformly illuminated. 

The practical unit of illumination is the Lux. It is the illumination 
of a surface 1 sq. m. in area receiving a uniformly distributed flux of 
1 lumen or the illumination produced at the surface of a sphere 
having a radius of Im. by a uniform point source of 1 international 
candle situated at its centre. 

Taking the em. as the unit of length, the unit of illumination 
is the lumen per sq.cm.; it is known as the Phot. Taking the 
foot as the unit of length, the unit of illumination is the Foot-Candle 
(fc.). 1 foot-candle = 10-764 metre-candles (me.) or Lux = 1.0764 
milliphot. 1 Metre Kerz (Hefner Unit) = 0-9 international metre- 
candle. | 

The brightness of a luminous surface in a given direction is the 
C.P. per unit projected area of the surface in that direction. It is 
expressed in candles per sq. mm. or sq. m. 1 Lambert = 1,000 
Millilamberts — the brightness of a perfectly diffusing surface radia- 
ting or reflecting 1 lumen per sq. cm. A sur emitting 1 lumen 
per sq. ft. will have a brightness of 1 Foot ett or 1 equivalent 
foot-candle = 1-076 millilamberts (ml’s.) ES 8 candles per. sg. ft. 


1 Photon is the unit of retinal illumina = 1 candle per sq. metre 


per 1 sq. millimetre of pupil.. Q 
Iu = 1 thousandth pro millimetre. 
Imp = 1 millionth p millimetre. 


lo = 1 thousandtQ part of 1 second. 
The names given to the r sensations produced by different 
regions of the spectrum areas ollows (v. Helmholtz) : 


Fraunhofer tine. Wave YY Mus Colour. 


A Extreme red. 

B Qs: Red. 

C 06-314 Junction of red and orange. 

62 
D © | ey | Golden yellow. 
aS 526-990 Green. 
x 486-164 Cyan blue. 
MW 430-825 Junction of indigo blue and violet. 

A H 996-879 Limit of violet. 
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THE INFLUENCE OF DIFFERENT INTENSITIES OF 
ILLUMINATION ON VISUAL ACUITY 


The physiological elements involved in visual perception have been 


quoted by Parsons (1914 a) as: 


1. The visual sense of position (Optischer Raumsinn). 

2. The visual resolving power or discrimination (Optisches Auf- 

lösungsvermögen). 

3. The form sense (Optischer Formensinn). 

To these three grades are adduced three eriteria: (1) the minimum 
visible, (2) the minimum separable, (3) the minimum cognoseible 
(Hess), respectively. The form sense is dependent on the visual 
resolving power and sense of position, but ıs essentially a psycho- 
logical problem. The resolving power and sense of position have 
been studied by physiologists with respect to the following variable 
factors : 


1. The intensity of illumination. 

2. The contrast. 

9. ‘Irradiation in its broadest meaning.’ 

4. ‘The state of adaptation of the retina and the size of the pupil.’ 


It is with these variable factors that the first section of abstracts 
deals. As with most physiological research, one variable can rarely 
be investigated whilst the others are kept constant, so that it must 
be borne in mind that the subdivision of the material is to a large 
extent artificial, and that the subject-matter in the papers of one 
section may overlap that in another. 


1. İLLUMINATION AND STANDARD Test OBJECT xe 


(For work prior to 1914 see Parsons (1912.14) Ta (1917) 


used the Straub modification of Snellen’s prong varied the 
illumination. and contrast. She M vM a X Nluminstion of 
37 metre-eandles the visual acuity was 1 Nas for 10 metre- 
| candles, whilst at 140 metre-candles it was L Sing an illumination 
of more than 40 metre candles there FA lit le increase of the 


visual acuity if the contrast was isoO with small contrasts it 
had a marked improving effect. TI © illumination shows up a 
small contrast more on a SUP th a dark field. 


Roelofs and de Haan (1922 Se isual acuity into: 


1. The minimum distinguigadW 
2. The minimal separa points (Empfindungskreis). 


8. The minimal separabtefor lines (Empfindungsbreite). 
4. The minimal disk&guishable change of contour (Richtungsunter- 


schied). O 

The investigağı Vas a continuation of the work by Roelofs (1917) 
and Guillery ) who devised experiments to show that the re- 
cognition A" pes is not served by the same function as the percep- 
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8 ILLUMINATION AND VISUAL CAPACITIES 


tion of the minimum separable. They included the work on minimum 
change of direction in consequence of Straub’s definition of visual 
acuity as the ability to detect differences of contour. 

Four types of test object were used, one for each grade of visual 
acuity. They were: a large ground on which was a small square 
for the minimum distinguishable; small squares separated by a dis- 
. tance equal to their sides which had to be distinguished from a 
rectangle of equal total size for the minimum separable (points) ; 
groups of three rectangles pointing in different directions for the 
minimum separable (lines); and two rectangles in the space between 
which was a square slightly out of line for the minimum perceptible 
change of contour. i 

The test objects were made of pieces of paper pasted on cardboard 
and were arranged in twelve rows of different sizes. The sizes of the 
sides of the squares ranged from 4 to 30mm. Each type of card 
was made in six different ways so as to investigate the effects of 
contrast on visual acuity, viz. white on black, light grey, and dark 
grey; black on white, light grey, and dark grey. 

Two methods of observation were employed : 

(a) The subject remained in the darkened room for twenty minutes 
so as to become dark adapted. "The diaphragm of the source of light 
was then opened slowly, and the size of the opening necessary to read 
each line of characters was recorded. The observer sat at a distance 
of four metres from the types. 

(b) The illumination was fixed and the distance at which each size 
could be read was determined. 

The observations by each method were repeated five times. There 
were 2,880 observations made in all. Precautions were taken against 
suggestion to the observer: the whole research was very carefully 
carried out. 

At a scale reading of 9,474 units the brightness of the various 
surfaces used was: white, 15 M.K.; light grey, 47 M.K.; dark 
grey, 1-9 M.K. ; black, 0-75 M.K. « 

These were the highest values : they core reduced to 1/7,500. 

The results were quoted in detail, and & ach set of observations 
a graph was drawn showing the Ae) etween the log. of the 
illumination and the log. of the SS of the angle subtended at 


the eye. 
Each set of data was bubo Y an elaborate statistical analysis. 
Their conclusions can be summarized as follows: 


1 


For the minimum dis iKöhnishable TK 
423-2. 
A ytl 
For the minima Gfarable (squares) I = K Tarn! 


For the mirkgağim separable (lines) J = K” aa 4 


Wher 2 ithumination, a = angle subtended by side of square, 
7j = 203€ subtended by breadth of line. 


“fhe minimum difference of direction the results were not con- 


sis 
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Within limits a closer approximation can be made : 


I=K we , where the area is that of the square in question. They 
believe that this is the true statement and that the deviations from 
this value at extremes of illumination are due to: 

1. Alterations in the size of the pupil. 2. Changes in dark 
adaptation, 3. The autonomous areas of Charpentier are exceeded 
at low illumination and at high illuminations the retinal image 
approximates to that of a single cone. 

So far as contrast goes they believe that all their experiments can 
be summarized in the equations: 

$=Kv+(0-6), where S = Visual Acuity. 

O = Illumination of Object, 
G = Illumination of Ground. 
K = A constant. 

S=K'VI I = Illumination. 

Comparing the results with the different types of test object they 
find: when the illumination is constant, then (1) the area of one of 
the minimum separable points is equal to the area of the minimum 
distinguishable area; (2) that the diameter of the just perceptible 
square is four times the smallest difference of direction, and (3) that 
the diameter of the minimum separable for squares is twice the 
minimum separable for lines. 

The values for the visual acuity and illumination as given by 


Piekama and Laan are quoted. The relation S= K / T was shown 
to hold for illuminations of less than 0-25 metre-candles. The 
deviation at higher illuminations they explain as due to contraction 
of the pupil. Petrén and Johansson did similar work on visual 
acuity and contrast, and their results agree with Roelofs and de 
Haan. Carsten (1925) used grey letters on a white ground to deter- 
mine visual acuity at low illuminations. A, 
Ferree and Rand (1920 a-h) determined the least visgÑl angle at 
which the direction of the gap in Landolt's broken Q could be 
appreciated under illuminations of 0-001, 0-005, 0. nd so on to 
twenty foot-candles. The broken circle was usedrah eight positions 
(differing by 45°). Five out of eight correct jud ts were required. 
The coefficient of reflection of the test obj 85 per cent. The 
source of illumination was a Mazda B,( sten-filament vacuum) 
lamp. The rise in visual acuity was rapid to an illumination of about 
five foot-candles, after which it becank2 progressively slower and 
reached a maximum at about twenty (y candles, although the improve- 
ment in the later stages was Y noticeable. ‘They are of the 
opinion that the routine testir riSual acuity is best accomplished 
by alterations in the illumin BN of the test object, since the illumina- 
tion can be varied very oss without making much difference to 
the acuity, and also singe @rfors of refraction, especially astigmatism, 
are more marked at I illuminations. They tested the influence of 
alterations in brigk(n>8Ss on the visual acuity for eyes with a slight 


artificial astigmg "TOI. 
They coneNWew* that astigmatism is most noticeable at low illumi- 
nations. "lhReyMound also that a sixfold increase of illumination may 
477! Ag 
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10 ILLUMINATION AND VISUAL CAPACITIES 


be necessary to discern the object if it is turned into the most 
unfavourable astigmatic meridian, With the normal eye an increase 
of illumination 
from 0-001 to 0-1 fe. gave a 4-S9-fold increase in visual acuity. 
» 0-1 to 1-0 fc. gave a 67-7 per cent. increase in visual acuity. 
» 1 to D fc. gave a 43-6 per cent. increase in visual acuity. 
» 9 to 20 fc. gave an 8-2 per cent. increase in visual acuity. 
Basler (1923) carried out a determination of the minimum per- 
ceptible shift of a white pointer on a black background with illumi- 
nations of 1 to 1,080 metre-candles. 


2. ILLUMINATION AND CERTAIN VISUAL PERFORMANCES. 


A small amount of work has been done on the effect of alterations 
of illumination on such functions of the eye as reading, the speed of 
recognition of standard test objects, and industrial output. 

Ferree and Rand (1919) used E's as test objects: they could 
be turned to any angle, and the observer had to say in which direction 
they pointed. Two distances of the test objects from the eye were 
employed, 18 em. and 6 metres, where they subtended 7 and 14-8 
minutes respectively. The illumination was kept constant at 5-2 foot- 
candles. There were two series, in one of which the observer looked 
first at the near and then at the far test object. The time taken 
varied from 0-50 to 1:16 seconds. In the second series the observer 
looked first at the near, then at the far, and back at the near test 
object. Here the time varied from 0-96 to 1:76 seconds. The same 
authors (1920, 1922) measured the ‘speed of discrimination’ by 
the reciprocal of the threshold time. As test objects they used 
the Landolt broken circle which subtended angles from 1-15 to 3.45 
minutes and illuminated by white (0-4 to 12 fe.) and spectral lights 
of varying intensity. See also Ferree and Rand (1920 h and 1924). 
Wager (1922) made a similar investigation. 

Lux (1920) measured the amount by whi 
brightness can be increased or decreased in o 
of a piece of work, to which the eye 
not be interfered with, and all the de een as clearly as before. 
The time taken for this readjustment, reater or smaller differences 
of brightness is proportional CS increase of illumination, and 


varies with the fineness of x k* Kallenbach (1921) discusses 


N zed difference of 
hat the performance 
got accustomed, may 


the results. Ruffer (1925) has&made a variety of psychological tests 
at different intensities of illu&yhation. 

Considering the import@pe of the problem surprisingly little work 
has been done on thein ce of illumination on the speed of reading. 
Richtmyer and Hoy 6) describe a method where the reader was 
required to read d a definite number of words as rapidly as 
possible, at sey6rahdifferent illuminations. Each specimen to be read 
contained the eme number of typewritten words promiscuously 
arranged, word containing two syllables and six letters. The 
curves sl(oW* that with all observers the speed of reading increased 
verytapNily up to an illumination of 0-5 foot-candles, after which 
N nere is little change. As was to be expected there were 


SN erable individual variations. Rough determinations were also 
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made on the effects of a glaring source of light on the speed of 
reading. A 60-watt lamp was placed in front of the reader, 15 degrees 
to the left of his line of vision, and in such a way that the light shone 
into his eye but not on to the type. The decrease in the speed 
of reading compared with the previous results is not obvious; there 
was no appreciable difference between a plain and a frosted lamp (ef. 
Bordoni (1924)). A curve is given showing the relation between the 
speed of reading and the angle made by the glaring source of light 
with the line of vision. There is a steadily increasing disability as 
the angle is made smaller. The speed of reading was also very much 
decreased when the indirect source of light used in the first experi- 
ments was replaced by one which gave specular reflection from the 
print into the eye of the observer. 

Luckiesh, Taylor, and Sinden (1921) used Old English characters 
instead of the ordinary forms of type; they claim that with the latter 
recognition of groups of letters makes the results less valuable. 
Photographie copies of a sheet of the Old English type were made, 
one set of which was fogged so as to reduce the contrast between the 
letters and the background, the reflection coefficient of which 
became 22-5 per cent. Observations were made at 3-12, 6-25, 12-5, 
and 25-0 fe. with the low contrast, and 0-39, 1:56, 6-25, and 25-0 fe. 
with the high contrast. The sheets of type were mounted on a drum 
in a closed box illuminated from inside. The drum could be rotated at 
a constant speed. The observer started to read, and the speed of the 
drum was gradually increased until the observer could just keep pace 
with it, over a period of several minutes.  Forty-nine observers took 
part. The results show that the effect of increasing the illumination 
is very much more marked with the low than with the high contrasts, 
and also that whereas the speed of reading tends to assume a steady 
value above 10 fc. for the high contrasts, for the low contrast it 
continues to increase to the highest illumination used (25-0 fe.). 

The illumination chosen by the observers as the most cogMortable 
for reading was also determined both for the ordinary sf lamp 
and the mercury arc. That chosen for the mercury arq2ya8 420 per 
cent. higher, whereas 75-95 per cent. less would given equal 
visual acuity. As is to be expected the results «C erent observers 


vary considerably. 

Kirsch (1920), Radojevic (1922), and eese) were concerned 
with the two types of printed charactersNeAployed in Germany ; 
Bentley (1921) with the influence of diğ distances between lines 
of print on legibility. See also Gould, Wines, and Ruckmick (1921) 
on the ease of reading the backbone s on thin books and magazines. 

Israel (1923) determined the 1 ular and binocular perception of 
depth at low illuminations of 5, 0-0018, and 0-0117 foot-candles. 
The results are difficult to ir et. 

A great deal has bedn glöne on the influence of illumination 
on industrial output. Sucr work as that of Thompson, Schartz, Ives, 
and Bryan may be qústéA. A full bibliography will be found in the 
Illumination Inde Q the Transactions of the Ill. Eng. Soc. (N.Y.), 
and a TEN treatment of the subject is given by Luckiesh 
(1924). N 
Arps PK udied the effect of different intensities of light on the 
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visual discrimination for the sizes of small rectangles. He employed 
six white oblongs, 15 x 40 mm., and six oblongs varying in length from 
085 to 415 mm. A standard oblong (15 x40 mm.) was shown 
to the observer, and two seconds afterwards one of the variables. 
There were nine grades of lighting from 0-2 to 8.2 C.P. The 
experiments were conducted with the rectangles horizontal, vertical, 
and at an angle of 45? to the line of sight. 

It was found that judgement was better in the horizontal and vertical 
positions than in the oblique position. In very few cases were errors 
of more than 0-75 mm. made. The range of illumination used had 
no consistent effect on the discriminative ability. There was a marked 
practice effect, 

French (1917) considered that the accuracy of contact setting of a 
vernier is unaffected by large differences of illumination. The reduction 
of the illumination by 1,000 had no appreciable effect. 


THE EFFECT OF VARYING THE CHARACTER OF 
ILLUMINATION ON VISUAL ACUITY 


1. Mowocunowaric ÍLLUMINATION. 


Many of the early workers on visual acuity determined the ability 
to read printed characters in various parts of the spectrum and in 
other sources of monochromatic illumination. Macé de Lépinay et 
Nicati (1881-3), working alone, and also with Uhthoff, found that it is 
possible to obtain the same maximal visual acuity with sources of light 
of any colour provided sufficiently high intensities are used. Taking as 
the unit of intensity for the coloured light in question that intensity 
which gives a visual acuity of 0.33, they measured the intensity 
necessary to give other visual acuities. The an are given in 


Table I. 
TABLE I 
4 Visual Acuity. Intensity of Illuminatior d eni ware-lengths. 
507 mp. 497 mp. xD” 442 mp. 428 mp. 
0.47 5.0 8.18 == S 
0.42 2.67 3.71 Qu 5-48 6.51 — 
0.33 1.00 00 iO 1.00 1.00 1.00 
0.26 0.48 0.22 0.21 0.18 
0.22 0.33 0.18 0.12 0.10 


very considerably in tl ue end of the spectrum without affecting 
the visual acuity NO: A similar alteration of illumination in 
the red end pro tege changes. The conclusion was that 
visual acuity ndent chiefly on the less refrangible rays. 

Uhthoff (1836490) confirmed and extended the results. Details and 
references this and other work will be found in Parsons (1914 b). 
pie w Drs are Celsius (1735), Buffon (1743), Herschel, Snellen and 


ES 887) Langley (1888), Kónig (1876), Broca and Laporte 


From the table it Ko seen that the illumination can be varied 
Gi 


Asche (1909) Wertheim (1890), Guillery (1896), Loeser (1909), 
(1909), Schneider (1924). Very few of these measured the 


TM 
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CHARACTER OF ILLUMINATION 19 


illumination. Cohn worked with monochromatic sources having an 
illumination of thirty-six metre-candles. He found the following 
values for the visual acuity : white, 2-0; yellow, 2-15; red, 2.0; green, 
0-66 ; blue, 0-87. 

Charpentier (1882) used his familiar test of the illumination 
necessary to discriminate dots as separate with different illumination 
colours secured by using blue, red, green, and yellow glass. 

Brücke (1879-81) measured the maximum distance for the recogni- 
tion of the direction of squares of one colour arranged in chess-board 
pattern on a ground of another colour of equal brightness. He 
expressed his results as a ratio (distance at which white on black) + 
(distance at which the coloured squares could be discriminated). The 
lowest was for green and cinnabar (1-4) and the highest for ochre and 
blue (1:7). Örum (1904) measured the distance at which a dot pattern 
illuminated by different coloured lights could be read when the illumi- 
nation was increased. Dyes were used to produce the colours. The 
visual acuity appears to be lower for all colours than for white, but 
the results are given in such a way as to make comparison impossible. 

Dow (1909) used the method of Laporte and Broca. Lantern slides, 
on which fine detail had been photographed, were viewed so that each 
half was illuminated from behind by a different coloured light 
obtained by gelatine filters. He draws a distinction between the 
apparent brightness of the test objects and the sharpness of the detail. 
It was, in fact, possible to secure greater sharpness of the pattern with 
light of a certain colour, in spite of an obviously lower order of 
illumination. Graphs are given for the relation between illumination 
and acuity for red and green lights. The acuteness of vision improves 
rapidly after an illumination of 0-5 metre-candles for both colours. 
His main conclusion is that ‘the blue-green end of the spectrum is 
somewhat advantageous for very close work, but not so good as red 
light for the illumination of objects or patterns to be distinguished at 


white sources of light. The measure of the visual > was the 
distance at which print could be read, and it ranged rh about 50 to 


a distance ee 
Ashe (1909) compared the visual acuity of red, Po , and 


about 4,000 cm.: the illuminations were all he 5 M.C. for the 
coloured lights, and went up to about 40 M. the white light. 
Ranged in ‘order of merit the light soure 'e white, blue-green, 


plained on a supposed greater ability of coloured lights to contract 
the pupil. 
Bell (1911 a and b) compared ES ual acuity in a tungsten light 
Y 


and red for equal intensities of iy The results are ex- 


with that in a mercury arc lamp found that for egual brightness 
the mercury lamp yields a RO Visual acuity, which he believes is 
due to the more homogencoysy ture of the light and the consequently 
better resolution by TOM Luckiesh (1911 a, b, c, 1912) confirmed 
Bell's observations, a ended them F using lights of the same 
colour but of TaN ectral composition. This he achieved by the 
use of absorbing Q)fions. As a criterion of visual acuity he used 
the ability to aX? page of type, and the illumination was increased 
in each cas this could just be done. The results are given in 


Table II. GA 
A 


x 
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Taste II. 
on "s Approximate Relative Illumination for 
Sources Golau Foot-candles. equal Visual Acuity. 
1 Mercury Are Green Line 2.0 1.00 
* ( Tungsten Green 1.75 
9 Tungsten Yellow 4.0 1.00 
` | Tungsten Yellow (different 1.33 
shade) 
3 | Sodium Line Yellow 0.5 1.00 
©“ | Tungsten Yellow 1.66 
4 Mereury Are Green 0.5 1-00 
* ( Tungsten Green 5.10 


In general, where the diserimination of fine detail is in guestion, 
a monochromatic illumination is better than a mixed light source 
such as daylight. Further experiments by this author show that 
monochromatic lights differ in their ‘defining power’, and that yellow 
is superior to others in this respect. For any given change in the 
brightness of the test object, the change in visual acuity was least for 
monochromatic light. Rice (1912) also worked in this field. (See 
also p. 43.) 

Elliot (1922) measured the time required to read and to name 
correctly a group of numbers illuminated in turn by sunlight, a 
tungsten glow lamp, and a mercury vapour are. Illuminations ranging 
from à to 50 foot-candles were used. The time required is not clear 
from his paper. In general there is a rapid decrease in the cognitive 
time up to an illumination of 10 foot-candles; beyond this value 
increase of illumination has very little effect, except in the case of 
the mercury lamp, where there is a slight improvement. He finds 
that the time required to read correctly is less in all cases for 
a mercury lamp than for sunlight, and that the speed of reading 
is less than either for a tungsten lamp at similar illuminations. 

Weber (1884) and Luckiesh and Moss (1925) determined the effect 
on visual acuity of shortening the blue end of the trum. The latter 
claim that a yellow potassium bichromate hich reduces the 


brightness of a test object by 46 per cer ds to no decrease in 
visual acuity and may cause arise. Th sed a Madza C gas-filled 


lamp. 
Ferree and Rand (1918) estima OF relative merits of different 
, using their test lantern and the 


common illuminants on visual ac 
Landolt broken circle. They fqund considerable differences between 
the various types of tungsten (ips, carbon lamps, and the kerosene 
flame. The ordinary ‘nitypgen’ lamp appears to be most conducive 
to efficient seeing, d semi-daylight lamp is least conducive, 
the kerosene lamp Iyjı(2,Sefnewhere between the two. These authors 
have also done a iderable amount of work on various types of 
illumination fi (luminaires); see Ferree (1913-15), Ferree and 
Rand (1916 d ame, 1917). 

As regard the influence of coloured lights on visual acuity, 
they sum ze their results in saying that spectral lights give 
greater tness of seeing than mixed coloured lights of the same 
hu lation, and luminosity ; but white light made up of all the 
w N ngths of the spectrum gives a better power to discriminate 

Y 


CHARACTER OF ILLUMINATION 15 


~ the details on the printed page than any coloured light of equal 
luminosity even though of spectral purity. The hues in the mid- 
region of the spectrum are the most favourable for the colouring 
of a page of print. Ranked in order of merit from best to worst, 
they are: yellow, orange-yellow, greenish-yellow, orange, green, red, 
blue-green, and blue; but all colouring is inferior to white if the 
printed characters are to be black (1925). 

Kohlrausch (1923) determined the visual acuity for fine black lines 
on a coloured background. The determination was one of a series 
in which all methods of heterochromatic photometry including the 
stereo-comparator were employed, 

Babbage (1827) investigated the best colour for the printed page. 

A considerable amount of work has been done, from the industrial 
output standpoint, on the maximal illumination and the method of 
lighting the factory, workshop, &c. All references will be found in 
the Illuminating Index, Transactions of the Illuminating Engineering 
Society (N.Y.). 

For the theoretical aspect of the resolving power of the eye for 
different colours see Hartridge (1918, 1922). 


9. INTERMITTENT ILLUMINATION. 


Parker and Patten (1912) measured, radiometrically, the ight energy 
of two components of a source of light which were equalized for 
brightness. The brightness of one component was cut down by 
a diaphragm and of the other by a sector rotating 1,750 revolutions 
per minute. They do not state if flicker was observed; the open 
sector in the disk had an angular aperture of 16-7°. It was found 
that when equally bright perceptually the physical intensity of the 
beam transmitted through the sector was 5-9 per cent. greater than 
that of the beam transmitted through the diaphragm. They claim 
that their results are well outside the average probable error. 
Rotations of 540, 775, 940, 1,200, and 2,950 revolutions pa\minnte 
gave similar results. These results seem to be contac ry to 
Talbot's law, but most of the accurate work on the la(Ry“has been 
done at speeds where there is complete fusion of inydNses (Lummer 
and Brodhun (1890-6), Hyde (1906), Saltmarsh | 

Ebbecke (1920) investigated the apparent brig 
objects illuminated by single flashes =) 


ss and colour of 
y flickering light 
sources. 


THE DISCRIMINATION OF S qi AND DIFFERENCES 
OF BRI ESS 


l. Tue Dış INATION OF SHAPES. 
a [For the work on (igsubject up to 1914 see Parsons.] 


Baker and Bryan A) found that two lines can be set in coin- 
cidence, two shapes EY be set in contact, or the space between two 
parallel lines ca; isected with a mean error of the order of 10 secs. 

French CS a continuation of his work on the difference 
threshold N e of visual field, measured the accuracy with which 
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| two circular images could be adjusted for coincidence. The images, 
which were produced by.a double-image prism, were made to overlap 
to varying degrees by altering its position. When the overlap is only 
partial there will be a central area more strongly illuminated than the 
two flanking crescents: In generalthe central part appears brighter 
only if the total angle is not less than four minutes. 

In another series he used two holes which were duplicated by 
a double-image prism and illuminated from behind. The two centre 
images were made to approach one another by a longitudinal move- 
ment of the prism. Readings were taken when the two circles 
appeared just to touch, when the two circles appeared to be one 
ellipse, ie. when the indentation had apparently disappeared, and 
again when the coincident images assumed one circular form. The 
experiments were repeated for ‘several sizes of circle. He gives no 
record of the illuminations employed. 

The results show that there is always a tendency to over-estimate 
the sizes of the circles, i.e. they appear to be in contact, whereas they 
are really separated. The error becomes increasingly more serious as 
disks progressively smaller than three minutes are used. This result 
is explained as being due to diffraction occurring at the edge of the 
pupil, when the eye was accommodated for the small amount of light. 

He next did some experiments on the accuracy of setting a vernier 
seale. Black lines 0:43 of an inch wide on a white ground were used. 
He found that the precision error was 0-63 seconds of visual angle. 
By precision error he means the average accuracy with which an 
observation can be repeated irrespective of its absolute accuracy, 
He varied the thickness of the lines, and found that the finer the lines 
the greater is the precision of setting. He also found that the accuracy 
of setting is smaller when the height of the lines is less than six 
minutes and is very poor at 0-6 minutes. 

Schulz (1920 a). The accuracy of coincidence settings of range- 
finders is usually taken as ten seconds. Schulz ysed two black rect- 


angles 50 mm. wide and of varying ew easured the ability 
to wee them in coincidence with a x 6 n ular at. 160 metres. 
The use of the monocular is said to T e errors due to accom- 
modation. He found that as the ler sağ he line is increased there 


is an increasing accuracy of setting 
the minimum error may be t 
inclined towards one another at 
to thirteen seconds. Dale (1980), 


e) that «for ordinary objects 
S ten seconds. With objects 
Pele of 45° the error is increased 
y the double-image prism method, 


measured the accuracy of s g two circles in contact, using white 
circles on a black backgrgAad and vice versa. The illumination was 
such as just not to C ‘es he “star appearance’. She used diaphragms 
of various sizes ¢ ial pupils in some of the tests. For the 
natural pupil a NS was larger than the true angular diameter 
except for v aall disks, where an almost constant apparent 


diameter of tv Sees was obtained. With an artificial pupil of 
9-8 mm. meter the apparent angular diameter was always greater 
and sho a similar tendency to reach a constant value for small 
disk 

N 2 (19206 and 1921) worked on the reading of scales on 
S üments, the difference of apparent size of equally long vertical 
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and horizontal lines, and the aecuracy attainable by colorimetry and 
polarimetry. For scales to be read to one-tenth of a division, the 
large marks must be fine and not closer than 0-6 mm. See also 
Schulz (1919) and Kühl (1920). 

v. Hofe (1920) made some observations on the accuracy of setting 
coincident lines in range-finders. The error in visual angle is 5:8 secs. 
to 1-7 secs., depending on the inclination of the lines. 

Roelofs (1922) worked on the appreciation of differences of direction. 
His work is abstracted elsewhere (see p. 7). Wolfe (1923) worked on 
the estimation of the middles of lines. Hartridge (1922) did some 
experiments with a white circle 5 em. in diameter, having at one point 
on its circumference, 10 mm. in length, a small excrescence, 2 mm. in 
width. This was mounted on a sheet of black paper so that the disk 
could be rotated into different meridians about a pin passed through 
its centre. The distance was increased until the observer could just 
indicate the correct position of the excrescence eight times out of ten : 
the visual angle subtended by it was then eleven seconds. Hartridge 
can set the absorption bands of his spectroscope in coincidence with 
the same accuracy. 


9. Tue DISCRIMINATION OF DIFFERENCES OF BRIGHTNESS. 


The early workers on this subject were Bouguer (1760), Arago 
(1858), Masson (1845), Steinhil (1837), Weber (1834), Fechner (1858), 
v. Helmholtz (1866), Aubert (1865), König and Brodhun (1880, 1908 a), 
Schirmer (1890). Weber's Law states that, in the case in point, the 
just appreciable increase of brightness bears a constant ratio to the 
original brightness. Fechner’s Law is a mathematical derivative 
from this, and it states that the sensation varies as the logarithm 
of the stimulus. Two illuminated areas in contact can be seen to 
differ in brightness if the illumination of one is 1/100 to 1/167 times 
as great as the other. It is important to bear in mind that ¢he law 
is true only within limits, and that it breaks down seri CY high 
and low illuminations, and also if the conditions of thom eriment, 


such as size of field, are not kept constant. 
Hecht (1924) collected the work of previous vers on the 


difference threshold, notably that of Kónig aS odhun (1888-9) 
and Blanchard (1918). From these he mak © uctions as to the 
retinal processes involved. Notable amor ese are: (1) That 
the difference threshold for the conesXs considerably less than 
for the rods, as is shown by a defp)te break in the curves. 
(2) That the underlying retinal Qr: is chemical for both rods 
and cones; when light falls on th€ Yötina a bimolecular break-down 
occurs, with a velocity varyi irectly as the intensity of light. 
(3) That for the difference thresNyld a constant amount of this chemi- 
eal substance must be br down in excess of that broken down 
at the level of adaptatign*ehder consideration. (4) That the rate of 


regeneration of the br -down substances is quicker for the cones 
than for the rods, wO? accounts for the much quicker dark adapta- 
tion of the fon ree minutes for the cones as opposed to thirty 


minutes for tl s— Hecht (1920). (5) That the change over from 
rod to cone 1 enn occurs at a brightness of 0-0134 millilamberts. 
eS A 4 
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(6) That there are 572 steps in intensity discrimination. One-third 
of these are concerned with the rods and two-thirds with the cones. 
(7) That the chemical break-down theory accounts adequately for the 
falling off of intensity discrimination at both high and low illumina- 
tions. 

Lasareff (1911) determined the difference threshold for white light 
with variable sizes of visual field. He employed the double-image 
prism method introduced by König in his researches on Weber's 
Law. By this method the upper half of the visual field can be darkened 
by rotating a Nicol prism whilst the lower half is kept at constant 
brightness. 

The results are plotted to show the relation between the ‘ Fechner 
fraction ? = (just noticeable difference of illumination — absolute 


intensity) and the area of the visual field. "Within limits the curve is 
a rectangular hyperbola given by the equation İsim) x(4) 5%, 


where A is the area of the visual field and K is a constant. If 7 is 
kept constant, then it follows that 47 x A is constant or the total 
increase of illumination is a constant. The size of field varied from 
1°18’ to 6-5’; above 26' the relation breaks down, and a greater 
increase of brightness is required than would be expected from the 
equation, Recalculation of his results is not convincing; the equation 


> = = fits better, where D is the diameter of the field. 

There follows a discussion on the influence on the results of the 
entopic light of the retina, which, it is claimed, explains the, hyper- 
bolie portion of the curve. 

Reeves (19180) did a similar piece of work to determine the 
differential threshold for angular sizes of test-field ranging between 
0-33 and 4-92 degrees. For angles larger than 1? he found that the 
log. of the absolute brightness required to EN; a given contrast 
visible is reciprocally proportional to the vista ngle, but that the 
variation is much less for smaller angles. Q 

French (1919) investigated the same [ m. He employed two 
fields separated by an extremely fino iay The illumination of each 
half was varied in small definite ste "5 per cent. by means of dia- 
phragms. A rough estimation oy ect of illumination on the differ- 
ence threshold by substitutin d 40 C.P. lamps for the 200 C.P. 
one generally employed, hoy the latter gave a greater accuracy 
in appreciation of percentagedifferences of brightness. The ocular of 
the instrument presuma[AfJacted as an artificial pupil. His results 


can be expressed N equation B= or roughly B= E 
i 


where B is th eent. difference of brightness just distinguishable 
and d is the aAgylar diameter of the retinal image illuminated. The 


graph er cn that the fovea centralis, especially the very centre of 
it, 1 wNTy insensitive to differences of contrast. He did similar 
Hi coloured light (q.v.). His results also show that 
+ b)"*, where E = per cent. correct estimations in a series 
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constants. By substituting from actual results it is shown that ‘the 
theoretically absolute uncertainty in the appreciation of difference in 
brightness is reached when the visual angle is 4-2 minutes’, 

Petrén and Johansson (1904) also worked on Weber's Law and the 


central retina. 


ADAPTATION AS A FACTOR IN VISUAL 
DISCRIMINATION 


It is a familiar observation that on going into a darkened room 
after being in bright sunlight one can at first see nothing, but that 
one's ability to discriminate detail becomes better and better during 
the next three-quarters of an hour or so; see Piper (1903). This is 
known as ‘dark adaptation’. There is no deni tic: line of 
distinction between this phenomenon and the slow recovery of normal 
night vision after exposure to the glare of a blinding headlight. 
Similarly, on going into the bright sunlight after a prolonged stay in 

© the dark room, it is found that the ability to diseriminate detail is 
lost. This is called by some writers ‘light adaptation’. Again, 
there is no clear-cut distinction from some of the phenomena of 
glare. ‘The abstracts in this section summarize modern work on the 
subject. 
1. RETINAL Apapration. 


Karly workers were concerned with adaptation as measured by the 
ability to see minimally illuminated light areas, and so measured the 
dark adaptation of the rods rather than the cones. They were Aubert 
(1865), Charpentier (1884), Nagel (1911) (see v. Helmholtz, vol. 2, 
3rd ed.), Piper (1903), Treitel (1887), and Tschermak (1902). 

Inouye and Oinuma (1911) A double tube was used through 
which the two eyes could look simultaneously at differently lighted 
fields, the illumination being controlled by rotating sect One 
eye was kept light adapted and the other dark adapted DRS jndage. 

| The subject perambulated for a given time in a light r yan then 
rushed into the dark room, tore off the bandage, a mpared the 
brightness of the two fields. Bya system of tri Ae) error a setting 
was reached where the two fields are equally brighkiN Dittler and Koike 
(1912) repeated the above experiments, but moked glass instead 
of sectors. Both sets of investigators Ss d a leisurely kind of 

r 


ec 


dark adaptation indicating that they we easuring the rate of dark 
adaptation of the rods in the peripherâlAield of view. Besi (1917) 
followed the course of the adapta @&) process for both central and 
| peripheral vision. He used ‘ Ra screens of various brightness 
| as test objects. He found t ud in the periphery is 
doubled in a few seconds_a beginning of dark adaptation, and 
that at the end of three-q(ar&efs ul an hour it has inereased twelve- 
fold. Central adaptatig ery rapid, but for red is more prolonged 
than for violet. 2 
In addition to t workers mentioned later, the following worked 
on foveal dark tation: Nagel and Schäfer (1904), Wolfflin (1910), 
T'schermak ( RI Koster (1895), Sheman (1898), Petren (1904), and 
others. T, we ng (1924) employed coloured lights. 
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Nutting (1916 b) quotes a table (Table III) for the sensitivity of the 
eye for contrast and absolute light values at levels of adaptation 
corresponding to certain common intensities of illumination. 


TasLe III. 
Just per- 
Mean bright- ceptible Relative Sensitivity. 

ness level diff. in Threshold 

(mi's). illumination. in mls. Contrast. Threshold. 
Exterior daylight 1000 0.0175 0.35 T 1 
Interior daylight 10.0 0.030 0.17 59 21 
Interior (Night) 0-1 0.123 0.0014 1430 251 
Exterior (Night) 0.0001 0.79 0.0001 22300 3090 


The sensitivity is got by integrating an expression embracing the 
reciprocal of the threshold (1909). Working from this basis he 
followed the course of the dark adaptation of the eye as measured by 
the increase in light and contrast sensitivity. The apparatus consisted 
of a piece of white card in which a hole was cut and backed by a piece of 
opal glass. The latter was illuminated by a Nernst lamp, the intensity 
of which could be cut down by a wedge. The distance of the observer 
from the screen was 15 in. ‘The initial adaptation was for 15 min. to 
a brightness of 0-1 ml’s (the brightness of an interior at night). 
The results are given in Table IV. 


TABLE IV. 


Time after switching Threshold with a 1.8 mm. diam. 
off the light. Threshold in ms, artificial pupil in ml’s. 
0 min. 0-00131 0-0044 
eut 0.00019 0-0020 
uon 0-000111 0-00192 
Be 0-000054 000044 
10,5% 0-000027 0-00021 
20 |, 0-0000088 0-00016 
DO 0-0000031 0-00011 
60 0-0000028 
1 hour 0-0000014 gs 
10 hours 0-0000012 
Almost the same results were ve Vd a previous adaptation to 
2-8 and 0-032 ml’s. These results a quoted. 
He also made an investigation ANS Oa the effect on the 
sensibility of the fovea of E the retina to illuminations of 


various sizes, locations, and ir Gh ied The initial adaptation was, as 
before, to a brightness of 0- Pas and the area was cut down from 


7 cm. to one of 1-5 mm. o m. The results are given in Table V, 


JD? TABLE V. 


Instantancous Threshold (just perceptible brightness 


Solid er 0 “ig Spot, immediately on switching off the light). 
0-0019 ml’s. 


G 


0:0020 
0-0028 

ae 0-0042 

o 0-0058 0-0092 


* A 0-0026 0:0143 
SS 0-00065 0-0235 


NS 0-00016 06-0300 
SY 0 000041 0.0340 
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Interesting results were got when these small sensitizing fields were 
made 10 and 1,000 times brighter, as is shown in Table VI. 


Taste VI. 
Solid Angle of Bright Spot. Threshold at a brightness of sensitizing field in mU's, 
of 0-1. 1.0, 100.0. 
Full 0-0019 0-0039 0-19 
0-43 0-0020 0-0042 — 
0-016 0-0042 0.240 0-025 
0-0026 0-143 0-355 0.020 


Hecht (1921), in a paper, the sequel to one on peripheral dark 
adaptation, paid partieular attention to (1) the uniformity of the level 
of dark adaptation. This was done by getting the subject to look at 
a screen of 90 millilamberts brightness (0-028 candles per sq. em.), 
for a uniform time. (2) The subject immediately on ceasing to fixate 
this screen gazes at the test object. In earlier experiments the light 
adaptation and measurements were conducted in separate rooms. 

(3) All readings were corrected for pupillary aperture (Cobb, 1915-19). 

As a test object, he used a red cross illuminated from behind. The 
red light was got from a Wratten filter, and passed only rays longer 
than 650mp. It had no effect on the rods in consequence. The 
cross formed an image on the retina which was two-thirds the size of 
the rod-free area. The illumination of the cross was varied by 
altering the position of the light behind it. The subject was rested 
for thirty minutes, and was then adapted to the brightness of the 
screen for five minutes. The light was then switched off, and he 
raised his head to the testing apparatus. With a fixed position of 
the lamp, the time was taken at which the cross just became visible. 5 
Fifteen young subjects were used. 

Adaptation was very rapid during the first half-minute. A bright- 
ness of the cross of about 88 x 10-* millilamberts was necessary 
immediately after switehing off the light, whilst about QA mls. 
were necessary after thirty seconds, about 6 x 10-4 n fter two 
minutes, and at the end of the period ent lies about 
4x10-* mls. The experiments were repeated a white light, 
and although the absolute values are different Geo shapes of the 

| curves remain the same. From this Hecht udes that Purkinje's 
phenomenon does not occur at the fove her observers have 
noted a very slow foveal adaptation to Xd. The experiments were 
similar to those of Nagel and Schäfer) 04), who used red, green, 
and blue lights : they came to the s general conclusions. 

Beyne and Worms (1924) vere orna with the visual require- 
ments of aviators. The subje all about twenty years and with 
normal vision. They chose clairement physiologiquement com- 
parable à celui d'une nui tl ve, mais sans lune, en un lieu complete» 
ment dépourvu de lumi parasites, en septembre à 21 heures’. 

They measured the wie acuity with a Landolt broken circle under 
these conditions, ar en measured the artificial illumination which 


would give the İN Visual acuity in the laboratory. It was found to 


e 


be about 0-0 tx. They then measured the visual acuity at this 
illumination &ery five minutes after exposure to an illumination of 
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15 lux. The test lasted thirty-five minutes. Unfortunately the results 
are very incompletely reproduced. Adaptation appears to be com- 
plete in twenty minutes when the visual acuity was between 0-06 
and 0-09, 

Ferree, Rand, and Buckley (1920 g) used the apparatus previously 
described by them. They determined the course of dark adaptation 
as measured by visual acuity (Snellen's prong). Their conclusions 
were: (1) That forty-five minutes’ dark adaptation considerably decreases 
the difference in acuity between different individuals as measured by 
the minimum illumination necessary to recognize the test object. 
(2) That in 88 per cent. of cases the monocular threshold was higher 
than the binocular threshold. (8) That the minimum illumination 
decreases asymptotically in dark adaptation and shows little change 
after fifteen minutes. (4) That the eye does not gain in acuity by 
adaptation nearly so fast as it gains in light sensibility. 

Dresbach, Sutton, and Burbage (1920) followed the course of dark 
adaptation in the human eye by the flash method. They employed a 
zone 10-159 from the line of vision and confirmed the observation 
that the sensitivity increases rapidly for the first half-minute ; that it 
has become two or three times greater in two or three minutes; and 
that it continues in all for half an hour. Blanchard (1918) did 
similar experiments, but using different brightnesses for the original 
adaptations. 

Reeves (1918 c) measured the time which is required after going 
into a darkened room to detect a fixed contrast with various field 
sizes and brightnesses. See also (1918 b). 

Cobb (1919 a and b) followed the course of dark adaptation for 
slightly eccentric fixation. The first experiments were made with 
the test types of De Weckes and Masselon, but it was found that the 
letters varied in legibility and also that the configuration of the rows 
of letters made a difference. In consequence he used a test object 
similar to Nagel's, which consisted of a pair ok brass bars cut in 
a movable disk. The pattern was projected o e ranslucent screen, 
whilst just above the image was a small r ot used as a fixation 
mark. Fine changes in the brightnes the test pattern were 
brought about by an absorbing wedge. 

The readings were taken in th hz sequence: İst, the 


observer was kept in the dark tj npletely adapted and was then 
shown the pattern for one secon e minimum illumination neces- 
sary to distinguish it was meağ&red. 2nd, a white screen was put into 
position at which he gazed five minutes. The light was turned 


on, giving a ‘blinding’ bffihtness of thirteen candles per sq. metre. 
9rd, the light was tur off and the point fixated. The time for 
the test object to n visible was noted. 4th, the blinding was 
repeated with fift conds' exposure and the time taken for discern- 
ment was me: as before. 

His concluste#s are that the limit of vision is very variable for 


different yi : it lies between 1 and 10 millionths of one candle 


per sq. n The form of the recovery curve from different times of 
blindisfE NS roughly the same for all observers, there being two main 
ty WN The recovery is about three times more rapid for the short 


NY for the long period of blinding. No correlation was found 


* 
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between the ability to discriminate brightness and any adaptation 
factor. 

Flügel (1921), using twenty-three observers, measured their visual 
acuity in daylight with Snellen types at 6m.; their light sensitivity 
by the ability to recognize the illumination of a 30? white field in an 
otherwise darkened room; their visual acuity as measured by a 
keyhole-shaped test object, cut out of white paper and illuminated 
by a source of 0-1 and 0-2 C.P. The daylight visual acuity was first 
tested, and then the subject was brought to a constant level of light 
adaptation by gazing for two minutes at a large screen illuminated by 
a 1,000 C.P. lamp. After this the light sensitivity and the visual 
acuity were measured, 1, 10, 20, 80, 40, and 50 minutes after the large 
1,000 C.P. lamp had been switehed off and the observer was in 
darkness. All readings were binocular. The principal conclusions 
were: (1) That the results of two sets of readings taken by the same 
test at 40 and 50 minutes of dark adaptation show a high correlation. 
From this it is concluded that the results are reliable and that 
40 minutes is a sufficiently long time in order to arrive at a knowledge 
of a person’s capacity for night-vision. Fairly accurate measurements 
can be got at shorter intervals. (2) That visual acuity in daylight does 
not correlate significantly with light sensitivity at any adaptation 
level but correlates fairly well with visual acuity in dim light. (8) 
That light sensitivity tends to correlate slightly with visual acuity in 
a dim light. (4) That visual acuity in a dim light correlates only 
slightly with visual acuity in dim light of rather higher intensity. 
It is a pity that the actual results, illuminations, times, &c., are not 
more specifically stated. 

Jones (1921) was concerned with the testing of night pilots for 
night-vision. Twelve observers were used, all officers in the Royal 
Air Force. The procedure was much the same as that employed 
by Flügel The daylight acuity for Snellen’s letters was measured, 
an auxiliary electric lamp being used one foot from the letterg After 
this the eyes were adapted for five minutes to the by ess of 
a large white screen illuminated by a 1,000 C.P. lam he light 
was switched off and readings were taken of the tii for 
the fovea and at 10, 20, 40, and 60 degrees e) . The visual 
acuity for Snellen's letters was also measured, t umination being 
increased until 4 out of 4 could just be rgeqNO The readings were 
repeated every twelve minutes for three-qu s'of an hour. It was 
found that individuals differ much in A sensitivity. The results 
for 20, 40, and 60 degrees to the perkphery give the same ranking 
for light sensitivity as those at 10 d@yees. Light sensitivity attains 
its maximum for vision in the ngghbourhood of 20 degrees to the 
temporal side of the fovea. ANA aptation for 16 to 20 minutes is 
sufficient for practical purp for testing both the light sensitivity 
and the visual acuity of 0G read eye. An individual's visual 
acuity in daylight or dim Heht is no criterion of his light sensitivity. 
Visual acuity in NA eorrelates moderately with visual acuity in 
dim light. * INumj@fons and physical constants were carefully 
measured, N 

Other N) the subject has been done by Nutting (1916 b), see 
page 20, an orff-Petersen (1919). Downey (1919) believes there 
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is no binocular summation in the dark-adapted eye and that dark 
adaptation of one eye has no effect on the other. 

Hecht (1924) deals with the theoretical aspects of dark adaptation, 
such as the regeneration of visual purple. See p. 17. 

Allen (1924 a and c) measured the apparent brightness of a white 
light during adaptation to different brightnesses for both eyes and also 
when the non-observing eye was kept blindfold. See p. 60. 


2. Size or Puprzr. 


Uhthoff (1890) made an investigation into the size of the artificial 
pupil required to give maximum visual acuity data required for 
other of his researches. The sizes of diaphragms used ranged from 
1-06 to 3-02 mm. diameter: the shit width was altered inversely as the 
area of the diaphragm in such a way as to get equal brightnesses of 
the retinal images. He found that with high illuminations the 
2.06 mm. diaphragm was better than either the 3-02 or 1-55 mm. 
diaphragm, whereas at low illuminations the larger apertures gave 
increasingly better results. The investigations were conducted in 
coloured lights of wave-lengths 505 mu and 605 mu. He attributed 
the results to diffraction, since with 1mm. pupils the limbs of the 
test object appeared indistinct and broad. He concluded that a 
2-08 mm. diameter pupil gives optimal results and is the best to use 
in general; above this diameter the optical irregularities of the eye 
come greatly into evidence. 

Hummelsheim (1898) effected alterations in the pupillary aperture 
by homatropine and pilocarpine. He determined the visual acuity 
by Snellen's prong under different degrees of daylight illumination 
varying from 1 to 200 mk. (measured by the Weber Photometer). 
The result obtained was that visual acuity improved progressively 
the smaller the pupil, the smallest used being 1-5 mm. The differences 
tended to be less marked at lower ilmine A 

Other early workers were Bordier, Br 1 
(1913) ; see Parsons (1914 b). 

Cobb (1915) used a 3-5 cm. Ives tes ct viewed at a distance of 
125 cm. by one eye through artific«Pupils of diameters 1-0, 1-4, 
2.0, 2-8, 4-0, 56mm. The 19) re placed as close to the eye 


01-8), and Lister 


as possible (1-5 cm.) and wer 'éd by causing the image of the 
test object to occupy the centi of the diffuse outline of the aperture. 
By flashlight photography GÖ was shown that the real pupil was 
always considerably largq@jn diameter than the artificial pupil. 

The procedure was SN the largest artificial pupil in front of 
the eye and then E the subject to alter the adjustment of the 
test object so th NS lines of its pattern were just visible. A con- 
tinuous io moving drum was taken of his judgements for 
one minute, v the pupil was changed for the size smaller and the 
performan@grepeated for each in turn, after which a reverse series 
was tak (ty The brightness was kept constant either at 189 or 5-9 
cand. ér sq. metre, or was altered so as to give an equally bright 
NS image for each size of pupil His results are given in 
aNè VII (mean of three observers). 
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Taste VII. 

Visual Acuily with s Acuity at constant 
Size of Artificial brightness adjusted so as to-give egually S of test surface, 
Pupil in mm. diam. bright images on the retina. 189:0/m*. — 5:9 0/59; 

1 3:98 4-03 3:52 

1-4 5:03 5-82 4-44 

2 6-05 6:63 5-94 

2-8 6-04 7:07 6-00 

4 6:06 7:18 6-09 

5-6 5-79 6-87 5-78 


He finds that the maximum resolving power E 2-16 minutes is 
smaller than that given by the formula 0 = 1-22 $ which is 2-39 


min. where A, the wave-length, was taken as 0-00057 mm., the value 
for the brightest part of the spectrum, and D is diameter of the 
aperture. It should be noted that the formula applies to the resolu- 
tion of two points and that D is optical aperture of the system in 
question. Further conclusions are that there is an optimum visual 
acuity for a size of artificial pupil somewhere between 1 and 5-6 mm. 
diameter. Also that when the brightness of the retinal image is 
compensated the maximal visual acuity is obtained with a smaller 
pupil than in other cases. Refractive errors are more marked with 
large apertures. 

Blanchard (1918) measured the pupillary aperture when the eye 
was directed towards surfaces of from 1,000 to 1 x 10-6 millilamberts 
brightness. He employed the flashlight sa pius method. The 
diameter of the pupil varied from 7 to 2mm. If one eye only was 
employed, the other being kept shut, the diameters were slightly 
increased for all but maximal and minimal apertures. French (1919) 
gives a formula for the area of the pupil (A) for different intensities 
of stimuli (1): A = K I V5, where K is a constant. 

Nutting (19166) measured the pupillary aperture a Au erent 
brightnesses, The method was to place a slender brass w in front 
of the eye and to move it up and down until the upfNI« from each 
edge just reached the middle line (the line of sight is point was 
read on the graduations of the wedge. The MQults are given in 


Table VIII. 

TasnE VIII. ¿O 
Brightness (log mU s). —b —4 —3 O}, xg men Nea 
Diam. of pupil in mm. 6-9 5:8 5: Ó 38 33 29 25 22 


Reeves (1918 a), working at the pm Kodak Research Labora- 
tory, followed the course of oe enit contraction and dilatation by 
taking motion pictures. bjects were used and eight bright- 
nesses ranging between if rkytss and white paper in bright sunlight. 
Each range was studie arately. The rate of contraction was 
recorded by a continua®picture and the rate of dilatation by single 


flashes at different, (Mes after the removal of the stimulus. The 


average pupil SM its minimum in five seconds, but takes a time 
varying betw ıree and ten minutes to open to its maximal 


diameter. NY AE are given in Table IX. 
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TABLE IX. 
Rate of Closing of Pupil. Rate of Opening of Pupil. 
Time in secs. Diameter in mm. Time in secs. Diameter in mm, 

0 8.1 0 2.8 
0.1 7.9 0.5 PE 
0.2 77 1.0 3.5 
0.3 7.4 1.5 8.9 
0.4 7.0 8.0 4.7 
1.0 5.5 5.0 5.5 
2.0 4.0 15.0 6.5 
3.0 3.5 60.0 "uo 
5.0 3.2 300.0 7.6 


Tables were also given for the pupillary diameters of their subjects 
at various levels of brightness adaptation when both eyes and 
one eye only were used. Other results of the Kodak Laboratory 
on similar subjects are given by Reeves (1917 a) and Hunger (1917), 
see also Laurens (1923). Rich (1923) discusses Ferree and Rand’s 
results (1929), p. 9, on visual acuity at low illuminations and points 
out that they can be explained by variations in pupillary aperture. 


THE INFLUENCE OF LATERAL ILLUMINATION, 
INCLUDING ‘GLARE’, ON VISUAL JUDGEMENTS 


1. STANDARD Test OBJECTS, THRESHOLD VALUES, CONTRAST 
AND Maximum TOLERABLE. 


The problems in connexion with the influence of lateral illumi- 
nation on visual acuity have been stated by Parsons (1914 c) as follows : 
‘The disagreeable effects of a bright light in the field of vision are 
familiar to every one, but the cause of the distress, and how far it is 
seriously deleterious to the eye, have provgd\difficult to discover. 
Theoretically various factors come into p stich as alterations in 
the size of the pupil, alterations in W (spatial induction), and 


fatigue. As regards contrast, if the li ource is screened from the 


test object, but not from the eyes illumination and the objective 
contrast between the object an background remain unchanged, 
Subjectively, however, the ons are altered. Owing to the 


flooded with light, partly, smitted through the sclerotic as well 
as through the refract media, and partly reflected from the 
various refracting stes, and thus unequally distributed. The 
conditions are co and it is scarcely possible to foretell the 


oblique incidence of the $ light, the media of the eye are 


to 1914, when Cobb had published his early papers. 

It had.besh shown that the perception of detail by the eye might 
be impxo@d if the eye were not completely screened from lateral 
illu tion. Sewall (1884) found, for instance, that he could see 
i nes ruled on a card better when the light of the sky was 

ed to fall on the eye than when it was not. This seemed not 


effects." 
The paper as a detailed review of the work on the subject up 
( ny 


SN be due to a diminished size of the pupil, since it was shown by 
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Schmidt-Rimpler (1887) that after dilatation of the pupil by atropine 
he obtained an increased acuity when the filament of an electric lamp 
was focused on the sclera. When the illumination, however, was 
above a certain value he got diminished visual acuity. 

Uhthoff (1885) and Depene (1900) got different results. They 
found that when an object was illuminated to about five foot-candles 
or more, and when the value of the visual acuity was 1-25, there was 
increased visual acuity when the eye was laterally illuminated. This 
increase did not occur when the pupil was dilated by atropine. At 
lower illuminations of the test object there was progressively dimin- 
ished visual acuity, and it could be diminished still farther by 
decreasing the angle between the lateral source and the line of 
vision, by increasing the intensity of the lateral source, or by 
increasing the size of the retinal image. Depene attributed the results 
to changes in retinal adaptation. 

Hummelsheim (1900) found a progressive rise in visual acuity 
when a large grey field surrounding the test object was illuminated 
to 0-200 metre-candles, and that this rise in visual acuity was 
diminished but not abolished by atropine. Other workers were 
Borschke (1904), Heymans (1901), and Tschemolossoff (1904) ; for 
details and references Parson's paper should be consulted. 

The most important papers of recent years are those of Cobb in 
America. His first investigations (1911) were conducted with the 
Ives test object, and for a lateral illumination a light attached to 
the arm of a Wundt perimeter. His conclusions were as follows: 
(1) The vision of an object is lowered progressively as the lateral 
source of light becomes brighter and the angle formed by it and the 
line of vision is decreased. (2) If the test object is very bright, 
lateral illumination may cause increased visual acuity. (3) When 
the light is at 10? from the line of vision and the lateral illumination 
of the eye and the illumination of the test object are equal, there is 
no appreciable reduction of acuity at any intensity. (4) The presence 
of the retinal image of the lateral source is a negligible eho in the 
depression of vision; diffusion and reflection from the nedia are 
the important factors, since it still occurs when th ge falls on 
the blind spot. (5) The effects of a lateral source o&Kght can be imi- 
tated by throwing a haze of light over the ce retina and test 
object. 

‘ The differences in results just quoted Nay. due to changes in 
the sensibility of the part of the MN in vision of the 
object, induced by scattered light in thächse of lateral illumination, 
falling on the retina not on but ab(gj that part, and probably not 
farther away from it than 15? n ya in the visual field (the re- 
moteness of the blind spot)' om 

pleasant feeling of dazzling ( 


1914 o) ; and later, ‘The un- 


5, 

dung) and the disturbance of vision 
produced by dazzling ardtogeily different things, and need by no 
means necessarily recur fo tHe same extent at any given time’. 

The complexity of problems involved in investigating the 
effects of lateral i]J@nation on visual acuity as revealed by the 
usual tests on RR and white objects has compelled workers to 
investigate cen other factors. Of these may be mentioned the 
influence of différent levels of dark adaptation, of pupillary diameter, 
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and of contrast on visual acuity, &c. These are for the most part 
dealt with in other places; only those aspects of them having a direct 
bearing on the subject of lateral illumination will be dealt with here. | 
The just perceptible difference of brightness, the difference of threshold, | 
or the contrast sensibility of the eye, as it is variously called, has been 
much investigated, since it is of considerable theoretical as well as 
practical importance (Hartridge, 1922). It is only lately that the 
influence on it of lateral illumination has received attention, and most 
of this work has been in conjunction with the influence of lateral 
illumination on the threshold value; the two will be considered 
together, and also other work on the visual acuity for test types, &c. 

Hess and Pretori (1894) investigated the influence on the apparent 
brightness of a spot exerted by a surrounding field. It was found 
that the physieal brightness of the spot had to be increased a certain 
definite fraction of the inerease in brightness of its surroundings in 
order that it should remain apparently equal in brightness to a second 
spot in constant surroundings. The work did not touch on the question 
of the modifieation of visibility for detail or the alteration of the 
difference threshold by changes in the brightness of the surroundings. 
Hess (1920) found that an original brightness pattern with a contrast 
of 1 to 800 ean be rendered invisible by the action of a very bright 
surrounding field. The brightnesses are not stated. ‘There is a full 
account of the apparatus. 

Cobb (1913-20) and Cobb and Geissler (1913) continued their re- 
searches, this time illuminating the whole of the peripheral field of 
vision by means of a box painted white inside and approximating to 
a sphere in shape. Two holes were cut at opposite points of the box 
and through these the observer looked at the test object 200 em. away. 
The inside of the box was illuminated through a milk-glass window 
immediately above the observer'shead. They measured the visual acuity 
of the eye and its power to discriminate small differences of brightness | 
both during light adaptation (the peripheral fidld illuminated) and 
dark adaptation. In the experiments on th SE imination of small 
differences of brightness the surrounding had a brightness of 
41-9 candles per square metre in the es xperiments, and of 2:87 
candles per square metre in the lat 


—— 


nes. The test field had a | 
brightness variable from 0-001 t candles per square metre. 

A standard time of exposure of miden: was employed in all cases. 
The results showed marked jp ual variations, but in general the |. 
effect of peripheral illuminat oras the same in general direction for all 
subjects, namely : (1) Where illumination of the peripheral retina | 
was high and of the iK Ga low, there was diminished visual acuity | 


and diserimination of tness differences. (2) When the surrounding 


field was slightly k ON than the test object, visual discrimination was 
found to be xe better for both observers and by both eriteria | 
than for a 163) ally identical objeet seen in dark surroundings. | 
(3) “ SurroyndiM&s of a brightness about equal to or less than that | 
of the tes Djeci show no consistently better or worse results than | 
dark @)indings with the identical test object. On the whole, | 
BANS aduity under these circumstances was slightly improved and 


a 


Mferenee limen increased.’ In commenting on the different 


t 
ae of the curves for visual acuity and difference threshold they say, 
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‘Comparison of the visual acuity and brightness-difference curves 
under parallel conditions shows that as the test-object brightness is 
reduced, the difference limen, usually at a fairly definite point, takes 
rather an abrupt rise. Visual acuity, on the other hand, while always 
showing a slight progressive diminution beginning at the very highest 
brightness under a similar change of conditions, never undergoes 
such rapid decrease as differential sensibility. This fact is to be con- 
sidered in connexion with the almost obvious fact that discrimination 
of fine detail depends upon (a) a physically perfect image on the 
retina, and (b) probably upon the accurate fixity of this image, which 
in turn depends on the steadiness of the extra-ocular muscles. Since 
there is nothing in uniformly bright or dark surroundings to influence 
either of these factors’ (except pupillary aperture) ‘it may be con- 


“© cluded that visual acuity depends mainly upon these, and hence 


varies less under the influence of contrast than does differential 
sensitivity, because the retinal image is always equally perfect. ... As 
eontrasted with visual acuity, differential sensibility can be said to 
depend mainly on retinal conditions, and to a very minor degree 
upon the perfectness of the retinal image.’ 

Cobb (1916 b) described a new apparatus for investigating the effect 
of bright surroundings on the difference threshold. He aimed at 
getting the two halves of the field at the same illumination, with 
the difference across the line of contact uniform along its whole 
length. The earlier apparatus was probably defective in these respects, 
and in addition there was no means of knowing when the difference 
was zero (physically). The new method is additive, that is, to one 
half of an evenly illuminated field a small brightness is added. 
Normally the latter was 8 per cent. of the constant field, but it could 
be reduced by a rotating disk. An image of this brightness-difference 
pattern was formed at one of the openings of the box used in previous 
experiments (1913). The opening was 3-4x3-6 cm. Brightnesses 
were measured by the Bechstein portable photometer. Pregautions 
were taken to keep the illuminations constant. N 

Two procedures were employed (1916 c) for obtaining EN erence 
threshold: (1) The surroundings were kept at the s brightness 
and the brightness of the test field was varied, a) vice versa, 
The differences in brightness between the ow res of the field 
were made in twelve steps of one unit each. EQ fnagnitude of each 
step had to be changed in the course of the (ci ments because the 
observers showed a marked practice effect& The results were analysed 
by a method founded on Gauss's law of «y ": for each set of observa- 
tions there was given one value “corgasponding to the appearance of 
greater brightness on the left io field and one on the right. 
For each of these it was possikk &yweork out a measure of diffusion " 
in the form of probable error ANM ve hundred observations were made 
on each of the three subje The results are given in Table X. 
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TABLE X. 1 
Brightness in Candles per square metre. Fractional Values of the threshold difference, 
Difference Threshold Diffusion expressed 
expressed as per cent, as per cent. of field 
Field. Surroundings. of field brightness. brightness. ( 
436 17.8 0.45 l 0.60 i 
128 17-3 0.85 0.54 i 
35.8 17:8 0:32 0.54 
17.6 17.8 0:27 0.49 
8-92 17:8 0-45 0.67 i 
2.11 17-3 0.74 1.34 
0-540 17.8 2.71 9.57 
0.0 17.8 0.00 — | 
17:5 12.1 i 0.73 1.12 | 
17.6 46.0 0.38 0:67 
(17.6) e 3) (0.27) (0.49) 
17.6 8-64 0-33 0:55 
17.6 2.15 WE 0.61 
17.6 0.547 0.39 0.7 
17.6 0.0 0.46 0-76 


One curious result was obtained, namely that the threshold when 
the left field was the brighter was twice as large as that for the right 
field. Cobb discusses this in detail and comes to the conclusion that 
it must be due to a ‘space error’. 

His main conclusions are: (1) When either the brightness of the 
surroundings orthat of the test field ‘israised above the point of equality 
the threshold increases and does so almost as a linear function of the 
variable brightness condition, as would be expected in the case of 
change in the field brightness, from Weber’s Law. However, the 
surroundings are far less effective in bringing about a threshold 
increase than is the brightness added to the test field itself.’ For one 
unit of brightness added to the field, the threshold increases on the 
average 0-0035 units, while for a similar increase in brightness of the 
surroundings the threshold increases only 0-00085 units, or about 
a quarter as much, The threshold assumes a gear value at or 
near the point of parity of field and surrouı A graph is given 
showing the deviation from Weber’s Law ed to the field) as the 
brightness of the surrounds is A c ‘The changes in the 
sensitivity of the eye due to vario CO conditions, when 
established by the value of the fr: al threshold, are seen to be 
predominantly dependent on t bio that exists between the field 
brightness and that of the sur o ngs, As this ratio drops below 
unity the threshold increase*yapıdIy to a large extent. As the ratio 
rises above unity the thresHQ rises, but slowly and to a small extent. 
Improvement with Nod is more pronounced in the former case.’ 
(3) The mean variatio: ed to be larger in cases where the surround 
was we us N 

Nutting g SIN and A measured the *Discrimination Factor” 
and ei dmit’. The term ‘discrimination factor ' ‘is defined 
as the field brigMtness divided by the just noticeable difference, B/dB. 
This quay is a direct measure of the power to distinguish details 
except N large colour differences are present. Visual acuity so 
ES mere sharpness of definition, is a minor factor when contrasts 
AS Mht' To measure the threshold limit ‘the eye was sensitized in 
ea® case to a certain brightness by viewing a white field illuminated to 
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the proper amount. This field was 60 cm. square, and viewed from 
a distance of 35 cm., and was illuminated to brightnesses ranging from 
0-000001 millilamberts to 2,000 millilamberts. After sensitizing, the 
light was switched off, and an attempt made to see a small square 
(30 mm. square) in the centre of the large square field, illuminated 
from behind. The brightness of this small square was adjusted until 
it could just be seen at the instant of switching off the brighter field." 
For the glare data the brightness of the central patch was increased 
until it just appeared uncomfortably bright with the eye adapted to 
the given brightness of the surrounding field. These results can be 
expressed as the equation G= 1700 B"-*2, where G is the glare value 
and B is the brightness to which the eye is adapted. The figures 
give support to the suggestion that the ratio of brightness met with 
in ordinary interiors should preferably not exceed 100:1, but this 
ratio may safely be exceeded considerably at very low illuminations. 
The results are quoted in Table XI, and are plotted in the paper of 
1917, where there also occur figures showing the time required for 
the eye to adapt itself to perceive a threshold stimulus after exposure 
to 0-1, 1:0, 10, and 100 millilamberts. There are also some results 
for adaptation to coloured lights. The bearing on illumination 
problems is discussed. (See also p. 20.) 


TaBLe XI. 
Discrimination Factor : 
Field Brightnesses Difference the reciprocal of Threshold Limit, Glare Limit 
in millilamberis. Fraction. Diff. Fraction. in millilamberts. in millilamberts. 
0-000001 (1-00) 1.0 0:00000098 20-1 
0.00001 (0-66) 1.5 0.0000042 40.7 
0-0001 0-895 2.5 0-000019 89-0 
0-001 0-204 4-5 0.000087 186-0 
0-01 0-078 12-8 0-00039 400.0 
0-1 0-037 27-0 0:00174 810.0 
1.0 0.0208 48-2 0-0081 1-66 x 108 
10-0 0-0174 57.5 0-036 3-42 x 105 
100.0 0-0172 58-1 0.28 7:26 x 108 
1000.0 0-0240 41.7 2-15 149 x 10° 
10000-0 (0.048) 20-9 (232.0) Ok 10° 
Blanchard (1918) measured the threshold, contrast, as®glare sensi- 
bilities of the eye for different field brightnesses he threshold 
sensibility is defined as the reciprocal of the least4})eweeptible bright- 
ness instantaneously substituted for that at wh isibility is desired. 
The contrast sensibility is defined as the ye cal of the least per- 


ceptible difference in brightness between Xwo adjacent fields under 
the same conditions. The glare sensibiNiğ is defined as that bright- 
ness which just appears glaring to a e previously adapted to any 
field brightness. He used a large which could be illuminated 
with brightnesses of 10-7 to 1C SN amberts. The observer sat at 
a distance of 35 cm. from aò? surface 3 cm. square which was 
situated in the centre of th safen and which subtended an angle of 
five degrees. In the casg ofthe threshold sensibility coloured light 
was also used. The ilfwfDhation was regulated by means of a wedge. 
The results are ex Sed as an equation : 


> or log T = (1—x) log B +n log B,, 


32 ILLUMINATION AND VISUAL CAPACITIES 


where T = test-spot threshold for any given brightness of field (B), 
B, = absolute field threshold (0-00000071 ml.), n = a constant for any 
one colour. 

The eurves relating B and T are straight lines between 100 and 
2,000 ml.; over this range there is a condition similar to the Weber- 
Fechner law, while beyond it the ratio rises again and at blinding 
intensities it would approach unity, that is, the instantaneous threshold 
would be equal to the sensitizing field itself just as at the other end of 
the curve. 

For the measurement of contrast sensibility he used a test square 
the top half of which was covered by a wedge of grey gelatine. The 
eye was adapted to the sensitizing field brightness and the wedge was 
moved so as to give a just perceptible difference. The values obtained 
are those of ‘ Fechner's Fraction ' at different stages of adaptation. He 
also measured the ability of the eye to appreciate contrast at varying 
time intervals after switching on the field which had a brightness of 
0-1 ml. Contrasts of 0-97, 0-87, 0-67, 0-39, and 0 were employed. 
It was found that the eye adapted itself to the brightness in a few 
seconds when a maximal ability to discriminate contrast was obtained 
in all but very big contrasts, which took longer. The values of the 
‘ Fechner Fraction’ are plotted against the field brightness. Blanchard’s 
values are similar to those of König after the eye had been light 
adapted for one minute. He gives an interesting graph showing 
the relation between the threshold brightness, least perceptible 
difference, and glare value for different strengths of field brightness. 

The method of obtaining the glare sensibility was to adapt the eye 
to different brightnesses and then to switch on suddenly a very bright: 
field of 4°. The observer judged whether it was glaring or not. The 
relation is given by (+= cb”, where G is the value of the glaring 
brightness, B is the adaptation brightness, and c and » are constants. 
The original paper should be consulted. 

Schjelderup (1920) modifies Weber's formula tp 4 i=ai + 61, where 
i is the intensity of the test-field stimulus, J, eh the surrounding 
field, and a and b are constants. When ij dter than I Weber's 


Law holds approximately, but when J is g r than ¿ it breaks down 
seriously. In the latter case, and with fi&l&s less than 1°, the difference 
threshold may become NN: the test-field intensity and 


Dittmers (1920) conducted sifai) experiments. As a surrounding 
field she used papers of di whales of _grey. The diameter of 
this field was 20 cm. Th AS field was 9-7 cm. diameter and was 


lighted by means of g ve lamps. On to this test field a slit image 


proportional to that of the Kr N feld. 


was projected, the int y being varied by means of an episcotister. 
The direction of N ge could be altered. The illumination was 
increased from a ing below the threshold and the observer had to 
judge when QN nage on the test field just became visible. The 
difference thkeshold was at a minimum when the two fields were 
equally br(glt. Seffers (1922) did Se work, 
s and, and Ve hif (1922) in the Report of the Sub-Com- 
mit Glare of the Research ari of the Illuminating 
NN ering Society defined glare as ‘ the sensation produced by light 
vading the eye as to inhibit distinc vision. They classified the 


im. M ; 


re wee» Bu" eee 


+ 


Mm 


LATERAL ILLUMINATION AND GLARE 98 


various forms of glare into: (1) *Veiling Glare. Light somewhat 
uniformly superimposed on the retinal image, thus reducing contrasts 
and hence the visibility.’ They compare it to the fogging of a photo- 
graphie plate. It is experienced when reading under an open sky. 
(2) * Dazzle Glare is produced by adventitious light so refracted and 
scattered as not to form part of the retinal image.’ (9) ‘Scotomatic 
Glare is produced by light of intensity such as to fatigue the retinal 
sensitivity to below the concurrent limit for visual images.’ It 
corresponds to cases of heavy over-exposure in photography. 

In their investigations they used a test target of 45 x 48 in., in the 
middle of which was a perforation of 1-5 in. diameter. The target 
was covered with cardboard, having a coefficient of reflection of 0-74. 
The distance of the observer was 25 ft. On the target black paper 
letters were pasted on circles whose circumference subtended 1, 2, 8, 
and 4 degrees to the observers. Two letters were employed, a * C" 
whose size gave a visual acuity of 20/20 at 25 ft. and an “E” of 
double the size. 

For the production of veiling glare the target was viewed through 
a box, painted black inside and with 2-in. diameter holes cut back and 
front. At an angle of 45° across the line of sight was placed a 
lantern slide plate illuminated through a hole in the side of the box : 
this produced a veiling glare. An illumination of 0-6 foot-candles on 
the target rendered the ‘©’ just visible. The illuminations used to 
produce the veiling glare and the consequent reduction of contrast are 
not elear. Small amounts of veiling glare were said to produce very 
little loss of acuity or discomfort. The * extinguishing value’ of veiling 


glare is obtained when the fraction Dp is greater than 0-02, where 


B., B, B, are the brightnesses of the object, surrounding surface, and 
veiling glare respectively. 

In the work on veiling glare they employed illuminations such that 
‘the target as a whole emitted in the direction of observatigh 0-003 
C.P. per square inch for each foot-candle of illumination Qv ich is 


equivalent to 5-8 millilamberts’. Similarly each 100 Cae the glare 
lamp behind the aperture gave a brightness of Beat lilamberts, 
Their results are given in Table XII. xO 
TasLe XII. Q 
Illumination on C. P. of Dazzle 
Screen in fes. glare lamp. Area. K Result. 
2.25 50 15 Lett) on 1° circle not easily read. 
2.25 200 ? NE 


9? 29 
| li DA Dh read at all. 
0-05 200 more “xo 3; 0,1 9*5 obliterated: 


NN 2518355931 rişimpalrdd. 

0-3 200 N er ^ 

5-9 200 O y USD INvasıpla, 
( ) Rigo, de, ti gy visible, 

2-0 500 5° Circle of legibility = 3°. 

7-5 500 ¢ © All clear except 1° circle. 

6-5 15000, N 10° Everything obliterated. 
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The SS e that dazzle glare is the most serious in that 
it interferes m NY th reading and other ocular functions. It is also 


found most NG 
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Ambronn and Geffcken (1921) investigated glare by a tachistoscopic 
method. 

Luckiesh and Holladay (1925) investigated the factor of irradiation 
in addition to veiling glare, dazzle glare, and blinding glare. Irradia- 
tion is an experience of everyday life: it is well known that fine 
black lines on a white ground appear smaller than white lines of a 
similar thickness on a black ground. The effectis due to the great 
diffusion of the light from the retinal image in the former case. 
Printed characters on ordinary white paper appear to be much finer 
than they really are, and if the illumination of a page of printing is 
very materially decreased by looking at it through a pin-hole in 
a black disk the letters appear much nearer their real thickness 
(Rivers, 1896). 

For their work on irradiation Luckiesh and Holladay employed 
a large cardboard screen in the centre of which a circular hole was cut 
which could be illuminated from behind by a lamp. In this opening t 
was placed an opaque annulus whose outside diameter (34 mm.) was 
smaller than the opening, and which had a variable inside diameter. 

The observer was at a distance of 344 em. A card of the same material 
as the large screen was interposed between the annulus and the large 
screen, and the observer was adapted to this brightness. The card was | 
then withdrawn suddenly and the illumination of the hole necessary 
to render the opaque annulus just invisible was measured. Curves are 
given for this value for brightnesses of the surrounding field (F) of 45, 
1, 10, 100, 1,000 millilamberts. The results can be expressed in the 
formula A = 10-7 log B,— 2.07 log F—37-4, where A is the visual | 
( 
i 
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angle subtended by the rim of the annulus and D, is the brightness 
of the light shining through the hole. 

For veiling glare they employed an annulus of grey paper with an 
inside diameter of Zem. and a variable outside diameter. This was 
pasted on to a large screen of variable brightness. The observer 
viewed the annulus through a glass plate inclined at an angle of 45? to 
the line of vision, and illuminated by a bright sing glass placed 
so that a certain amount of light was reflecte the observer's eyes. 
The visibility factor is defined as (brig&{pess of background + 
(difference of brightness between test ct and background), or, 
taking into account the reflectio (€) tor of the material used, 
A m = V = visibility pi F = brightness (actual) of 
Ge 


background ; B, — veiling Gre (from the glass plate); f = reflec- 
tion factor of test obiEt; f, = reflection factor of background ; 
0-9 = transmission toy glass. 

It was found tl e*test object was just visible when V = M 
(d — 0-5)?*, where a constant whose value is between 40 and 50, 
and d is the vfuaMángle subtended by the solid rim of the annulus. 
A graph of the‘résults is given. In a test where the visual angle was 
kept sna five minutes, the visibility factor is : 


4-0 for maximum clearness of vision. 


on 


SS 9:9 , practically unimpaired vision. 
NS 66-0 ,, practically the limit of visibility. 
85-0 ,, the extreme limit of visibility. 


* 
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It should be noted that the condition of affairs with a small visibility 
factor is similar to that which obtains with small black and white 
objeets: large variations of brightness have but a small effect on the 
minimum visual angle When the contrast between test object 
and background is smaller and the visibility factor is large in 
consequence, small differences of brightness effect large differences in 
the minimum visual angle visible. This result is in accordance with 
Cobb’s reasoning (1914). 

Dazzle glare was investigated by the same arrangement as veiling 
glare, except that the glass plate was removed and a lamp to produce 
the dazzle shining directly into the eye was substituted. The size of 
the diaphragm in front of the dazzle lamp could be varied and also 
the-angle from which it shone into the eye. The formula given for 


F+4 ás 
MA ee where the symbols are the 
F- 

Si 
same as for veiling glare, E is the illumination produced at the eye 
of the observer, and D is the angle made by the dazzle lamp with the 


line of sight. The factor E is equivalent to a veiling brightness of 
D, in millilamberts. A graph is plotted showing the relation between 
a veiling brightness producing the same decrease in visibility as a 
dazzle-glare souree at various angles D above the line of vision and 
this angle. From the formula it is apparent that equal amounts 
of dazzle glare are produced by a 100-watt lamp at 10°, a 225-watt 
lamp at 15°, and a 900-watt lamp at 30° above the line of vision. 
Glare practically ceases at angles greater than 30°. 

For the investigation on blinding glare the observer sat in front of 
a uniformly lighted screen in which was an opening variable in size 
from 1-8 to 30-5em. The observing distance was 244cm, The 


the visibility factor, V, is V = 


observer judged when the illumination through this hole just 
‘blinding intensity’. The relation was found to be a sin ne, log 
B =3:34+0-3 log F, where B is the brightness of the ing-glare 
source (10? to 10* millilamberts) and F is the field bugkthess (0 to 10? 


millilamberts).: NS 

Bordoni (1924) employed the contrast sensjhikiy of the retina for 
investigating the phenomenon of glare. eexyréssed the results as 
‘coefficients of perceptibility " (the * cro factor’ of Nutting). 
The procedure was to adapt the eye to cert&p levels of light adaptation 
ranging from 0-025 to 10 millilambert(23nd then to measure the just 
appreciable difference of brightness e two sides of a paper-covered 
prism which was placed in fee the adaptation screen. This 
sereen had an aperture cut in e rough which shone the source of 
light whose properties dos investigated. The essential part of 
the research consisted in the'wÓniparison of the glare-producing effects 
of sources of light havisMlifferent intrinsic brightnesses (2 to 1,000 
lamberts). The latter@pre obtained by the use of plain, frosted, and 
opal gas-filled lan Sordoni does not appear to have made a control 
experiment of NS teat sensibility of the retina without a glaring 
source in the figlPof vision. The chief conclusions are: (1) that the 
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phenomenon of glare is continuous, appearing at low intensities of the 
glaring source. (2) That it is not the intrinsic brightness, but 
the luminous intensity of the source which is the important factor in 
the production of glare; the disability produced by a frosted lamp is 
practically the same as that produced by a clear lamp of equal candle- 
power, although in some cases the frosted light is somewhat better. 
With two sources of equal intrinsic brightness the one with the 
larger area produces the most disability. (8) That two sources 
with not widely different areas will produce the same amount 
of disability if the illumination at the eye in each case is the same. 
The latter varied from 1 to 100 lux. This was shown by placing 
the sources of light at different distances from the eye. (4) That the 
initial level of light adaptation has a comparatively small effect on the 
amount of disability produced by any given source of light. All 
these results are based on determinations where the source of light was 
at an angle of six degrees with the test surface. Asa result of them 
it is stated that a source of light becomes glaring when the coefficient 
of perceptibility reaches ten. This is an extremely low value: under 
the best conditions the coefficient is equal to 150-0. The value of ten is 
obtained, for instance, when the glaring source has a luminous intensity 
of 0-45 candles and is at a distance of 0-85 m. from the eye. The 
disability produced by a point source of light is of the same order as 
that produced by an adaptation level of the same value. Another 
series of experiments was conducted with the glaring source at 
different angles (6-359) with the line of vision. As a result of this it 
is found that all sources of light should be at an angle of more than 
thirty degrees with the line of vision. The final conclusion is that in 
order that a matt shade to a lamp may be efficient it should have 
a very considerable area. The paper abounds in diagrams, but 
unfortunately the results on which they are based are not quoted. 

Papers discussing glare and allied topics without bringing forward 
any new experimental evidence are Clarke (1915), Kerr (1917), Bayliss 
(1918), Caldwell (1923), Maisel (1924), Pell 924), Jones, Miles 
(1923), Teichmüller (1925). Harrison ( gives some useful 
measurements. 


9. 'THEORE À 


Very few attempts have been m A correlate the findings on glare 
with underlying retinal mechan Cobb (1916 c) assumes that when 
light falls on the retina, a ph6to“*femical substance S is broken down 
into two other substances W^whd B, and that they reunite in darkness 

light 
tore-form S. This is sented by S > W +B, where S is the 


Q dark 


amount of the suDWwNICe originally present and W and B the amounts 


of the break products, It is assumed that B is diffusible 
throughout t etina. The rate of break-down at any point is 
proporti o L,, the amount of light flux, and the amount of original 
substan — W.) present at the point considered, i.e. L, (5 — W,) = 


W,B.CNor the surrounding retina L, (S—W,)= W,D. If K is 


ENS o of the distribution of the substance .B between the two 
odts, B= KW,4(1—K) W, Also if L, is small, then W, is 
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small, and B approaches KW, in value. Substituting L, (8 — W,) 
= KW, if L, is large, L, (S — W,) = W,C, where C is a constant, 
Assuming that a constant increment of W is the condition of a 
threshold difference in sensation [see Hecht (1924), the fractional 
threshold is a minimum when W = 4 S and L = B. This reasoning is 
extended by Adams and Cobb (1922): ‘with a few simple... assump- 
tions as to the nature of the nerve processes of the retina’ it has been 
possible ‘to derive a theoretical expression for the variation of 
difference threshold’. They assume that the response of a fibre of the 
optic nerve consists of a series of impulses whose frequency increases 
with the brightness of the corresponding part of the field, and also 
that the time of the relative refractory period varies inversely with 
the brightness at the corresponding part of the field. Equal differences 
in frequency are equally perceptible. (Verworn has shown that the 
electric impulses in the optic nerve are discrete.) The reasoning 
cannot be stated briefly; the Ba paper should be consulted. 


Their final equation is diee = ie B, +2+ 2 B) AS, where B and D, are the 


respective brightnesses p the test sed and surrounds, 4B is a just 
perceptible increment in brightness, and 4S is a just perceptible 
increment in the rate of nervous impulses. The results when plotted 
(to suitable scales) certainly agree remarkably well with the experi- 
mental results. 


THE SPEED OF RETINAL IMPRESSION 


(with special reference to telegraphic signalling and to lateral 
illumination). 


It has been seen that the functions of the visual-receptor apparatus 
are analysed only incompletely by the routine visual-acuity tests 
(page 29). The perception of small differences of bri miss, for 
instance, involves factors which are not evident in the 
black and white objects. In their efforts to analyse 
functions of the eye, workers have been led 
minimum time required for the perception of sti eaching the eye. 
The subject has considerable practical inte jn relation to code 
signalling and other considerations pertaini he services. 

The minimum light flux visible to th eye is a function of four 
variables: duration, size, and brightn&) of the stimulus, and the 
previous history and environment of (he eye. It is proposed to deal 
shortly with the first three factors ore passing on to a consideration 
of the fourth. If the durati 
object small, and the eye i 
a position to determine them 
It should be noted that 


mulus is long, the size of the 
pletely dark adapted, one is in 
mum luminosity perceptible to the eye. 
e cannot derive directly from this the 


minimum energy requifeg to stimulate the eye. 

The minimum N n visually perceptible has been estimated by 
several observer ien (1903), Eyster (1906), Boswell (1907), 
Ives (1916 a) RSS 
many ae 


son (1915) Russell (1917), Reeves (1917 b), and 
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Of interest in this connexion is the apparent disappearance of 
stimuli of feeble illumination, apart from the ‘night-blindness’ of 
the fovea (see page 60). 

Asher (1897) found that the amount of energy as light to give 
pereeption of a small area is constant, i. e. the product of brightness 
and angular area is constant provided that the diameter is not greater 
than two minutes. See also Riccò (1877) and Loeser (1905 a). 
Charpentier (1890) found that for exposures of not more than 1/8 of 
a second the product of time of stimulus and the threshold brightness 
is constant. For his work on the angular area and threshold bright- 
ness see Parsons (1914 a). v. Kries (1907) showed that for a given 
state of adaptation of the eye the product of the brightness, angular 
extent, and duration of stimulus is constant within limits. Pidron 
(1920) found that for very short exposures (less than 5 o), in order to 
stimulate the eye, the brightness must be increased more than 
inversely as the time when the latter is reduced. See also Blondel 
and Rey (1924). Brückner and Kirsch (1911) did similar work on 
the chromatic action-time. In this connexion the rate of growth of 
the visual sensations is important. See Luckiesh (1914 and 1924). 
Basler (1912) was concerned chiefly with military signalling. He 
measured the shortest perceptible dark interval between two flashes. 
Reeves (1918 c) was concerned with the energy and brightness 
required for the absolute threshold with stimulus fields of various 
angular shapes and sizes. The observing eye was fairly completely 
dark adapted. For a square stimulus field of 1 sq. mm. viewed 
at three metres the total energy for threshold stimulation is 
17.1 x 10-19 ergs per second; for a square of 144 sq. cm. viewed at 
35 em. the total threshold energy is 564 x 10-10 ergs per sec. and 
various intermediate values. The threshold brightness varied from 
0.0072 millilamberts for the smallest field to 0.000000175 milli- 
lamberts for the largest. The average time to produce a just notice- 
able stimulus was 2-2 secs. Dunlap (1915 b) also measured the 
shortest perceptible time interval between two ghârt flashes of light, 
He found the determinations difficult, almo ssible, because the 
first flash, when exhibited alone, is oft en as two successive 
flashes. The threshold light inler Nippon to increase with 
inereased duration of the first flash or certain levels of light 
adaptation he found that the thr or the light pause 1s lower in 
the light- than in the dark-ada e. Forsythe (1919, 1920) was 
directly concerned with speed ın telegraphic light signalling. He 
found the best time ratio (oy dot, dash, space to be 1:4:3. At 
a distance of 2,700 yardgpthe minimal time for a 4-part signal is 
about 1-6 seconds, MİŞ deg and at night. Some observers 
appear to do NY er in daylight. Gildemeister (1914) found 
that the just pere e interruption of an otherwise continuous light 
flux is briefer e brightness of the light is increased, but the 


amount of lighheé subtracted during a threshold interruption increases 
slowly wi ad intensity of the light. In his investigations on flicker 
photomet(gy Porter found that the period during which a visual 


on increases, and within narrow limits one of these quantities 
ly inversely proportional to the other. The Ferry-Porter law 


sti 


N QN mains undiminished appears to decrease as the time of 
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states that the speed at which a half-white, half-black disk must be 
rotated for flicker to disappear varies as the logarithm of the intensity 
of illumination of the white disk. 

Rutenburg (1914), in a very complete paper, compared the threshold 
times for a light pause and a light flash. He used a field of fifty-six 
minutes' visual angle and gave his subjects ten to fifteen minutes' dark 
adaptation. For an equal duration of flash and pause it was necessary 
to have two to five times the illumination in the light-dark-light series 
than in the dark-light-dark series. In other words, for equal bright- 
nesses the threshold ‘pause’ is longer than the threshold ‘flash’. The 
difference is seen only with very short durations (6c) requiring high 
illuminations, and tends to disappear at low illuminations. The fact 
that the eye is more light adapted in the light-dark-light series has 
probably something to do with his results. For time intervals between 
6 and 30 c the product of brightness and minimal duration of flash is 
constant. He compares his results with those of other workers. Zipkin 
(1915) measured the minimum perceptible dark interval in an otherwise 
continuous light. He confirms Gildemeister and Rutenburg. He 
used areas larger than the fovea. After about two minutes the fovea 

comes to a constant state of adaptation relative to the perception of 
light pauses; the periphery continues its course of dark adaptation 
for ten to fifteen minutes. As other workers have found, this does 
not hold for red light. He found that at any given adaptation level 
the threshold pause decreases as the light intensity increases. More- 
over the product (intensity) x (duration of threshold pause) or the 
threshold light subtraction increases as the light intensity increases. 
There seems to be no summation effect for pauses which succeed one 
another at 0-7 sec. or longer intervals. 

Cobb and Loring (1921) describe a method of measuring the 
‘sensitivity’ of the retina which was later used by Cobb alone. As 
was stated earlier, Cobb believes that visual acuity as measured by 
Snellen's types tells us nothing of the true ‘sensitivity ' of the retina, 
but reveals only the ‘dioptric power’ of the eye. In test yes the 
image on the retina is made up of areas with large 
contrast.  Cobb's experiments on difference thresh 
deseribed already (p. 29). In the present un 
speed of impression by the retina as a measu (its sensitivity. 
A large white screen with a hole of 18-138 96 mm.? cut in it 
was arranged so that a drop blind could cut CON lumination coming 

u 


through the hole, so giving a ‘negative’ D^ s of known duration. 


The illumination of the large white screefry*as kept constant at about 
3 foot-candles ; this was done by ans) photometric measurements. 
The observer sat at a distance of 6 es and fixated a point 2° from 
the object. A large number of ations were made which were 
analysed by the method of dune 

The product of the ‘ti exposure’ and area of stimulus was 
found to be a constant tity for any one observer. When a 
(102) sq. mm. Borde was employed the threshold time for his 
three best observers ound to be 25-7, 19.5, and 26-2 thousandths 
of a second reg m It was found that shadows cutting off 
40-60 per con SS the light falling on the large white screen did 
not affect th SS ES provided they did not fall across the central 
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portions. Using this apparatus Cobb (1923-4) did experiments both © 
with and without illumination of the surrounding field. The angle - 
subtended by the test field was 2-43 minutes, and the brightness of 
this patch could be varied from 3-2 to 340 candles per square metre. 
In each case the illumination of the surrounding field was adjusted to 
that of the screen over the test field so that the position of the latter 
was no longer visible. l 
The results are plotted for the reciprocal of the minimal light 
pause against the field brightness. The time varied from forty to 
seven thousandths of a second at the lowest and brightest illuminations 
respectively. The presence or absence of illumination of the sur- 
rounding field was found to have no constant effect. His results can 


be summarized in the formula > = k log Es where £ is the threshold 
time, B is the test-field brightness, and 4 and B, are constants. 
There were marked individual variations. The maximum speed of 
discrimination had not been reached at 130 foot-candles. Higher 
intensities are required if the contrast is decreased. 

Later he modified the apparatus and made a more complete | - 
investigation. He employed two rooms, in the first of which was the 
surrounding field with a 5-8° x 5-2° opening. Beyond this, in the 
smaller room, was a screen whose brightness was adjusted to that of 
the large screen. In the centre of this again was a circular opening 
subtending an angle of 2-48 minutes, into which the image of another 
screen was projected by a+10.D lens. This opening could be 
darkened for any desired length of time by a falling shutter. The | 
subject fixated a blaek spot 2? to the left of the stimulus aperture. 
The threshold was taken as that time interval at which the observer 
recognized the darkening five times out of ten. 

If instead of giving a preliminary exposure of a plain white surface | 
before the exhibition of the dark pause, a grid pattern was first shown 
followed by a smaller grid pattern with the lineg pointing in another 
direction, then different results were obtai «r The speed of dis- 
crimination of the second grid pattern w, NA all eases about one- 
third of that obtained with the simple go a, and the increased 
power of diserimination with incre illumination was not so 
marked ; the higher the illuminatio GY more marked the confusion 
caused by the after-image. 

Ferree and Rand (1922) da Qs iments similar to those of Cobb, 
but they employed the bro cl test object subtending angles of 
1:15, 1-73, 2-49, and 3.45 ni. of are. As before, speed of recogni- 
tion was measured by tQ% reciprocal of the recognition time. In all 
cases there was an in e in the speed of recognition with increased 
illumination, but No: crease was more marked with the smallest 
test object and [ex all marked with the largest. 

Cobb (192% attempted to find if there is any relation between a 
subject's speed" 6f vision and his visual acuity as measured by Snellen's 
letters. ^ hundred and one subjects were used. He showed 
that a Koy5h individuals differ considerably inter se and at different | 
AN er the same conditions, yet the variations between individuals | 
a siderably larger than the individual's variations from time to 


(S This applied to both practised and unpractised subjects. The 
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-45 D B 
practice effect was considerable; the probable er ror “in 1 andi] hs 


of a second) for a practised subject was 1.0, for an unpractise 
subject 1-7. 

The test-type visual acuity was taken for each eye separately and 
for both together, and the correlations with the results obtained by his 
apparatus worked out by Karl Pearson’s method. . His most important 
conclusions were: (1) That the attempt to measure ‘retinal sensitivity’, 
using the apparatus described, in terms of visual acuity is futile. 
Retinal sensitivity as measured by his method ‘involves a new 
characteristic of vision that is not to any significant extent taken into 
account in the measurement of visual acuity by means of a letter 
chart’. (2) That his 101 subjects could be divided into two groups, 
one of which had its maximum distribution at 27 thousandths and the 
other at 16 thousandths of a second. (3) Two series of readings 
were taken for 96 subjects. Correlation of the results of the first 
series with those of the second, taken immediately after the first, 
shows almost identical characteristics for the two. The correlation 
ratio is 0-857 -- 0-018. (4) The characteristic equation derived from 
correlation of the retinal sensitivity results (average of Ist and 2nd 
series) with visual acuity indicate that retinal sensitivity is somewhat 
dependent upon the visual acuity of the eye with poorer vision, but 
not upon that of the better eye unless the advantage of this latter is 
evident in enhanced binocular visual acuity. (5) Due allowance for 
the difference due to different visual acuity leaves individual dif- 
ferences in retinal sensitivity measurements unaccounted for, almost 
to the original amount. The standard deviation is reduced to 4.24 
from 4:64 when correction is made for the differences due to different 
visual acuity. (6) The method of correlation indicates that bino- 
cular visual acuity is dependent chiefly upon the eye which, used 
singly, shows the better vision, to the extent of nearly five times 
its dependence upon the eye with the poorer vision, This has 
exclusive reference to results obtained with the letter chart. (7) There 
is no correlation between the results of retinal sensitivity Sets and 
the disqualifieation of candidates on a rating based € oph- 
thalmologie portion of the Air Service Medical RA nation for 


flying status. 
xO 


THE INFLUENCE OF ILLUM Q N ON THE 
DISCRIMINATION OF, LOURS 


1. DIFFERENCES OKAJRIGHTNESS. 


This problem has attracted garten since it is more easily 
investigated than hue en id also because of its importance 
in equality-of-brightness pl ry. Lamansky (1871) found that the 
just noticeable difference Qf) brightness for colours has not a linear 
relation to the intensity (94 the light, but that the sensitivity decreases 
as the intensity of Stimulus is decreased. Here, as in allied 
problems, the sensi of the eye is defined as inver sely proportional 
to the just noti N change of the characteristic in question. The 
sensitivity of IN ye for brightness was also found to be greatest for 


4779 AN A7 
Sd 


© 
AV 


© 


ulevard 


Les 


LINO v S 


a4 


42 ILLUMINATION AND VISUAL CAPACITIES 


yellow, followed by green, blue, and red, in that order. Dobrowolsky 
(1876, 1881) was concerned chiefly with peripheral vision, which he 
compared with that of the fovea. He worked at seventeen points of 
the intensity scale for different colours. The order of sensitivity was 
found to be blue, green, red, the sensitivity to blue being greatest. 
He measured the apparent brightness of the colour at each step. 
König and Rittler (1888), see Luckiesh (1921), and v. Helmholtz did 
careful work at this problem. Ferree and Rand (1916 a) found that 
at 950 me. (?) the smallest brightness change which can be detected is 
5 per cent. for spectral red (768—650 my), and 10-4 per cent. for spectral 
blue-green (465-520 mu). The mean variations in setting from these 
values were 2-5 per cent. and 5-5 per cent. respectively. Nutting 
(1909) re-calculated König's data for the homochromatic difference 
threshold for brightness. The values found were, red 0-0376, yellow 
0-0320, green 0-0252, blue 0-0250. Crittenden and Richtmyer (1916) 
estimated the precision of setting in the photometrie comparisons of 
modern illuminants showing small colour changes. 

Ives (1912), using a 4-58? field, determined the percentage mean 
variations of photometric equations by direct comparison between 
a 4-85 w.p.c. carbon lamp and various spectral colours. There were 
five observers. Some of his results are shown in Table XIII. 


TABLE XIII. 


Per cent. Mean Variations in settings. 


Wave-length in mp’s. 76*0 Photons. 30-4. Photons. 

658 8-3 5-6 

632 6-3 48 

629 6-5 3.8 

612 4-5 3-9 

594 3-7 34 

574 5-2 2.9 

555 4-7 4-1 

545 7.9 A 4-9 

585 34 xS 3-6 

517 7-0 «e 4-43 
The improvement at higher illumir sand the greater accuracy for 
the middle range of wave-lengt uld be noted. 


possible paired combinatio: eight spectral colours. The colours 
selected were the so-called m sychological primaries and their inter- 
mediaries. He emplo field of 2-62? x 1-029, The eye was kept 

i Qu of the room until the last moment before 
Yon. The apparatus and the limits of wave- 
length of the s employed are described in detail. Two subjects 
were used. ‘Rhe)standard light, starting at a high value, was decreased 
in intensity a rotating sectored disk until it was just noticeably 
brighter the comparison field, and then three other readings—just 


hla bly darker, just noticeably darker, and just not noticeably 


Troland (1918 a) "iod ifference threshold between all 


bri —were taken. The results, expressed as fractions of the 
m lal brightness, are given in Table XIV. 


DISCRIMINATION OF COLOURS 43 


Taste XIV. 


Values of the Heterochromatic Relative Threshold for Brightness Discrimination for one Subject. 
Standard Colour. 


Comparison Blue 475 mp. Green 505 mu. Yellow 575 mp. Red 693 mp. 

Colour in mp’s. 25 Photons. 25 Photons. 240 Photons. 25 Photons. 25 Photons. 
460 0-174 0:147 0-175 0-191 0-191 
475 0.075 0-159 0-108 0-201 0-195 
490 0-121 0-116 0-165 0-161 0-191 
505 0.126 0-0367 0-0226 0-185 0-214 
520 0-129 0-122 0-140 0-126 0-190 
550 0-129 0-144 0.152 0-125 0-185 
575 0-118 0-173 0:082 0-0369 0-194 
580 0-128 0-160 0:147 0-097 0-170 
610 0-131 0:153 0:215 0.155 0-149 
640 0-178 0-155 0-188 0-175 0-092 
670 0-176 0-172 0-170 0-169 0-080 
693 0-173 0-192 0-187 0-150 0:042 


The most important conclusion is that the difference threshold for 
brightness is at its lowest when homochromatic patches are compared 
and that the threshold increases to a maximum of from five to ten 
times that for no colour difference when the latter is greatest, Le. for 
the complementary colours. 

The figures quoted were all reduced to a value corresponding to one 
for the homochromatie differenee threshold, and they were then 
plotted against the number of just noticeably different steps of hue 
between the standard and comparison colours. 

The curve obtained is that of the segment of an ellipse with 
a limiting value for red whose curve is a circle. A general psycho- 
logieal theory is outlined to explain the influence of colour differences 
upon luminosity discrimination, and the relation of this theory with 
the colour pyramid is discussed. 

French (1919) measured the just noticeable differences for red, 
yellow, and green (filters), using lamps of 16, 100, and 400 C.P. The 
results indieate that for green light the just perceptible pexcentage 
inerease of illumination is less the higher the lum, and 
for red and yellow is greater the higher the illuminatio he actual 
number of readings is not recorded. He plots the n " of correct 
estimations against the percentage difference of paghtness for the 
white, green, red, and yellow used. The angular Wameter of the hole 
was 7 min. 50 sees. This is equivalent to cgaNging the mean error 
of setting and reveals that this 1s least for AOS d greatest for green 
with yellow and red intermediate in vage, yellow being slightly 
better than red. Unfortunately, actualQJlumination intensities are 
rarely stated by this observer. Gg@Jer (1913), Jones (1914), and 
Neelin (1913) have also worked o problem. 


NM 


The smallest amount of Night necessary to evoke the sensation of 
each spectral colour is @gonsiderable theoretical importance and has 
attracted a correspogmwMig amount of attention. Purkinje (1825) 
observed a series.o{Wement colours at daybreak and found their order 
of appearance ir true hue to be blue, green, yellow, and lastly 
red, Aubert NS ) illuminated 10 mm. squares of different coloured 
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pigment surfaces, the amount of light being adjusted by the size of a 
diaphragm admitting daylight. He makes a note of the size of opening 
necessary to evoke a sensation of colour and also the apparent hue. 
His results are given in Table XV. 


TABLE XV. 


Size of Opening 


in window in cm.? Colour of Pigment used. Colour Sensation evoked. 
1,1,1 All None 
11 — 14 Orange Red 

: O. Y.R. Rose O.Y.R. Rose 
3 Blue Blue 
3 Light Green Brown 
34 Light Green Light Green 
5 Green Blue 
8 Green Green 


He also worked with 60 mm. squares, with similar results. 

At these threshold illuminations various factors have important 
influences on the discrimination of the eye for colours, e. g. the state 
of adaptation | Charpentier (1877, 1896)], the size of surface employed 
[Hueck (1840), Wolffberg (1887), Charpentier (1888), v. Helmholtz, v. 
Frey, v. Kries (1881), Hering (1893), Haycraft (1897), Loeser (1905), 
Abney (1913)], the background on which the colour is viewed and the 
presence of neighbouring sources of light [Aubert (1862, 1865), Fick 
(1888), Angier (1907), Boswell (1907), Rand (1913), Haupt (1922), 
Granit (1924-5), Schulte, Technische Hochschule, Berlin (1925)]. 

Fick found that if a field of coloured light is reduced in size till it 
appears colourless, its colour may be restored if other equallysmall areas 
are simultaneously illuminated with the same light. The threshold 
value for colours is lower when a feeble source of light is exhibited in 
the vicinity ; this may be white or any light with a high scotopic value 
such as green (Boswell). Aubert showed that blue is recognized 
earlier on a white than on a black background and vice versa for green. 
For details of the above work see Parsons (192 

A suggestive piece of research was done OY lemchard (1918), who 
measured the smallest brightness of a co d source of light which 
would evoke a sensation of colour ema with a surrounding 
field of varying brightness. The f test field employed was 
5? diameter and its brightness a varied from 10-7 to 10? milli- 
lamberts (controlled by a wed e surrounding field's brightness 
could be varied from 1077 Pu millilamberts. The same general 
result was obtained as with light (see section on Lateral Illumina- 
tion). There are, pub" vo points of interest: first, that for very 


bright surrounds a oe crease was required in the case of white 


light than for any o oloured lights, and secondly, at a brightness 


corresponding tok Of an interior at night the smooth course of the 
curves was ir QW temporarily in the case of blue and green and 
a greater relayg threshold brightness is required than for any other 


colour or, f& ha 


1 of different in ensities of illumination n le ne 

The f different t t £^ ilin t O tl field 

of yig for colours has been much investigated on aecount of its 
O 


on the theories of colour vision. Amongst those writers who 


made special reference to the degree of illumination may be 
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a | mentioned Raehlmann (1872, 1874), Butz (1881), Wolffberg (1885), 
g Aubert (1862), Chodin (1877), Abney (1913), Rand (1913) (this paper 
9, contains a full bibliography and abstracts), Dobrowolsky (1876), Dreher 
- (1912), Ferree and Rand (1920 a)). 

It was seen from the work of Aubert that at low intensities of 
illumination the physiologically impure colours tend to be misnamed 
as pure colours. At sufficiently high intensities of illumination there 
|  isagain a general falling-off of discrimination, all spectrum colours 
|  tending to become yellowish white | Peddie (1922, p. 85), Haupt (1922), 
. o seebelow, Abney (1913)]. Peirce (1877) has shown that of two patches 
of monochromatie light of the same wave-length, the brighter appears 
the yellower, and that the dimmer light can be made to match 
the brighter in hue by a change in wave-length. A wave-length of 
582 mu when sufficiently brilliant is whiter in appearance than 
a dimmer patch of the same wave-length. 
| It is often stated that between blinding intensities on the one hand 


t and threshold intensities of light on the other, the degree of illumina- 
e tion has no influence on hue discrimination [e.g. Laurens and 
d | Hamilton (1928) Most: of the investigations on the just noticeable 
. | differences of hue have been done at one brightness |Mandelstamm 
, (1867), Dobrowolsky (1872 a), Peirce (1877), Peirce (1883), Kónig and 
e | Dieterici (1884), Uhthoff (1888), Brodhun (1892), Exner (1902), 
k Rayleigh (1910), Edridge-Green (1910, 1911), L. A. Jones (1917), 
b Priest (1920). That of Steindler (1906) is the most important: see 


Parsons (1924).] 
t 3 Houstown (1918) used a method of Edridge-Green (1910, 1911) for 
` mapping out the number of monochromatic patches in the spectrum. 
l He discusses in some detail the defects of the method and points out 
l that by the use of a double-image prism to bring the brighter end 
> of one image into contact with the darker end of the other, the width 
l of the monochromatic patch can be decreased to one quarter. This 


phenomenon is also found in the great yet unapparent difference in 

brightness between the central and peripheral fields of che: 
The disagreement in results between different observer 
in part to the sizes of field used. This factor is an 1 
low illuminations. On the whole, Houstoun acce 
rapid means of estimating a subject’s colour eoe n. 
| He found that when the brightest part © spectrum has an 
illumination of 500 metre-candles the n of monochromatic 
| patches is seventeen. When the sen Ne is reduced to 64 metre- 
I 


he method as a 


E. QS SI IMP, Ln 


candles, the number of monochromatic (pjithes is twelve, and when 
further reduced to 2 metre-candles, tf», number of patches is seven. 
He himself could discriminate severe 1 patches, a performance which 


he repeated a year later, altheg ne limits for each patch were 
different. His observationes atigue will be found on page 57. 
| | Edridge-Green, on the ot@rNoAnd, found that fewer hues can be dis- 
a criminated at low intensitissAhan at high. 

Haupt (1922) in Gated the relation between the apparent 
saturation of pure Qa colour with respect to different physical 
intensities as meqsQNed. by a theromopile. He used the apparatus of 
Ferree and SE certain modifications. Precautions were taken 


ours pure. The amount of light transmitted was 


to obtain EY 
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regulated by three Kodak filters in. conjunction with rotating sectors. 
The outer set of sector disks had a radius of 19-5 em. and the inner 
set a radius of 17cm. By this means the field was bisected ; one 
half was used as a comparison field and the other was variable. The 
measurements were taken both with dark surroundings and with 
surroundings equal in brightness to the field under consideration. 
The eye was dark-adapted for 15 minutes before each set of readings, 
it being assumed that the two to three seconds’ exposure given 
subsequently did not materially alter the level of adaptation. He 
used patches of wave-length 656 my, 616 mp, 580 mp, 558 mu, 522 mp, 
488 mu, and 463 my. The values were checked frequently by 
a Hilger direct-vision spectrometer, a desirable proceeding since he 
used a carbon bisulphide prism. The energy densities were measured 
at the threshold and at the point of apparent maximum saturation of 
the colours. The intermediate energy values were calculated from the 
sizes of the sectors, and are given in Table XVI. 


Tage XVI. 


Energy in Watts x 1075 required to 
arouse a sensation of colour (threshold), 
measured at analysing slit (?). 


Energy in Watts x 10-8 
to reach point of 


Wave-length maximum saturation at 


in mps. Dark Surrounds. Light Surrounds. analysing slit, 
Red 655 173-34 91-53 . 7656-81 
Orange 616 239-80 158-78 2679-88 
Yellow 580 154-84 227-96 1196-55 
Y.-green 553 63-81 29-77 348-46 
Green 522 18-59 16-20 287-24 
Bl.-green 488 96-71 172-76 141-26 
Blue 463 69-50 51-05 131-85 


He then determined the intensity at which the variable field appears 
just more saturated than the comparison field. ‘ For these just notice- 
ably different determinations the outer disk was moved so as gradually 
to increase the value of the open sector until the right half of the field 
appeared just noticeably more saturated.’ For S descending series, 
i.e. when increased intensity of light causes cfeased saturation of 
the colour, the outer disk was opened wid closed gradually until 
the two fields appeared just equally satu€Ned. He does not appear 
to have found any difficulty in dissog n the concomitant changes 
of brightness from these satur: NU changes. By ‘stepping’ the 
saturation in this way he XO ae number of just noticeable 
differences required to reach the ì aximum of saturation. These are 


given in Table XVII. © 


ABLE XVII. 
O Dark Surround. Light Surrounds. 
Red NO 3 40 80 
Yellow N E 3 21 46 
Greg CY. 82 70 
Blu : : 35 71 


In the Esending series, blue loses its saturation most rapidly, 
and green retain their characteristic colours to very 
high. sities. He believes with Geissler that the number of 
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He measured the inherent brightness of the colours at their point 
of maximum saturation by an equality of brightness method with 


a standard white (Table XVIII). 


TanrE XVIII. 


Dark Surrounds. Light Surrounds. 
Red : : : 7:66 16-87 
Orange . ; . 8-79 7-86 
Yellow . : ‘ 1318-45 1162-88 
Yellow-green . i 6-39 3-47 
Green - - 5 9:49 6-21 
Blue-green : : 2-62 2-91 
Blue 3 5 . 0-95 1:30 . 


The changes of hue were noted and described at certain J.N.D. 
steps from the threshold, with the light surrounding field (Table 
XIX). 

TABLE XIX. 


Colour observed when the stimulating patch had the given wave-length. 
Number of J.N.D. 


steps from threshold. 655 mp (R). 580 mp (Y). 522 mu (6). 463 my (B). 
0 Red Olive-green Blue-green Purple 
6 Distinetly 
green 
10 Brownish Yellow-green 
18 Greenish yellow 
26 Yellow with 
tinge of green 
30 Brownish red : 
36 Good yellow 
(Beyond this a 
yellowish white, ) 
49 Blue 
( Passing into 
whitebeyond 
this.) 
50 Good Red Pure Green 
(Progressivel < 


yellowish 


beyond j 
80 Bright scarlet 


82 Orange tint xO 
(Orange pink Q 
beyond this.) O 


Kramer (1882) measured the üsten which 4mm. sguares of 
blue, yellow, red, and green had to placed from the eye in order 
that their colour could be recognize er differentilluminants. The 
red square was seen at a greater @ytaice for all lights except calcium, 
for which green is seen at eater distance. All colours were 
recognized at a greater disk Ve ın sunlight than for any of the other 


illuminants (candle, gas, oleum, sodium, calcium, strontium, and 
calcium lights), As ¢hGsintensity of the artificial light is decreased 
the coloured square to be placed nearer to the eye. He ignored 


the factor of REN ous contrast. | 
Laurens an Milton (1923) made an elaborate and careful series 
of N ascertain the effect on the hue sensibility to different 


Se 
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spectral wave-lengths of: ‘(1) Intensity of illumination, that is 
whether the positions of the minima shift with varying intensity. . . . 
(2) The size of field. (3) The order in which pairs of wave-lengths are 
presented to the observer... . (4) The effect of selective and of 
general fatigue. The first determinations were similar to Steindler's, 
a great point being made of equating the two comparison fields 
for brightness. In this series the field was at a uniform brightness of | 
1:5 millilamberts (four photons at the retina) throughout. They used | 
Nicol prisms for reducing the intensity of the beams. The field | 
of view was 3° in diameter, one portion being illuminated by one | 
light source and constant deviation prism, and the other by a separate 

. light source and prism. The field was divided by a Lummer-Brodhun 
cube. The spectrum was stepped in both directions, i. e. from red to 
blue and from blue to red. The total number of discriminable hues 
was 161 for one observer and 207 for the other. They found that the 
points where hue discrimination is best occur at 620—630 mp, 565— 
087 mu, 480-496 mu, 433-448 mu, but these vary from person to 
person and in the same person on different occasions. The results 
agree fairly well with those of Steindler. When scaled from blue to 
red there is an indication of an additional minimum at 520 my. 

They determined also the wave-lengths which their subjects judged 
came under the headings of the standard colour names. This was 
done at three brightnesses. In Table XX the names given to the 
colours of the spectrum when seen in sequence from blue to red and 
from red to blue are quoted. The wave-lengths are the longest to 
which the name opposite was given. 


TABLE XX. | 


Red to blue. Blue to red. 


Names Average for red end Average varia- Average for red end Average varia- 
of Colours. of colour in mp. tion in mp. of colour in mp. tion in Mp. 
(20 millilamberts at 590 mu. Average of 7 observers.) 
Red end 772-5 +14-2 78 46.0 
O-R 637-5 12-5 “€ 15-2 
O 614.4 15-6 Oj 0:6 11-7 
O-Y 602-8 13-9 971-2 12:5 
Y 591-9 9.4 & 557.5 13-8 
Y-G 575-0 10-0 531-3 18-8 
G 532-5 14-4 xO 507-1 12-4 
B-G 505-6 12. Q 488-6 5-9 
B 481-9 © 465-6 19:8 
B-V 461-9 Sd 447-9 4.4 
NA 443-8 K 100 431.3 6-8 
End 405-1 O” 49 410-6 5-7 
Qhiuitamverts. 4 observers.) 
Red end 705 S +10-0 726-8 +11-3 
` O-R 6: QO 8:7 596-3 1-8 
O AN 3:6 586-3 3-8 
O-Y SQL 4.1 565:0 10-0 
Y Gs: 1-9 558-8 67 
Y-G 576:3 3-8 536-3 16-3 
a © 5513 44 518-8 18.8 
p.d e) 525.0 15.0 501.3 18.8 
B 493-8 13.8 471-3 14.4 
477-5 2-5 455-0 35-0 
NS 470-0 0-0 438-3 22:2 
SS nd 425-0 229.8 421-6 15-5 
? 
3 
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Red to blue. Bine to red. 
Names Average for red end Average varia- Average for red end Average varia- 
of Colours. of colour in mp. tion in Mp. of colour in mp. tion in Mp. 
(1-95 millilamberts. 2 observers.) 
Red 700-0 +0:0 705-0 +15-0 
O-R 630-0 10-0 600-0 0-0 
O 597-5 75 595-0 0-0 
0-Y 592.5 7:5 585-0 10-0 
a 582-5 2-5 555.0 0-0 
Y-G 575-0 5-0 550-0 35-0 
G 547.5 7-5 535-0 0-0 
B-G 585-0 5-0 517.0 17-0 
B 495.0 10-0 477-5 25 
B-V 480-0 0-0 470-0 0-0 
v 470-0 0-0 445-0 0-0 
End 432-5 32-5 430-0 0-0 


The positions of the points of greatest hue discrimination are 
unchanged by changes of illumination. It will be noticed, however, 
that the colour name given to a wave-length changes with the 
direction in which the spectrum is scaled. This difference is due to 
successive contrast, When, however, the two fields were set at points 
of just noticeable difference of hue, simultaneous contrast became 
evident and the direction of the spectrum in which the colour pairs 
were shown was of no account. The results were quoted in full. One 
point of interest arises : in the region of the green and yellow, and to 
some extent as far down as the blue-green, it was found that the 
names given to the contrasted colours were rather far apart in the hue 
scale. Their work on fatigue is given in another section, page 57. 

Göthlin (1922) determined the extent of the purely yellow zone in 
the spectrum. It was found to vary from 574 to 596 mu with different 
individuals. The maximum number of votes was given for 580 mp. 
Some subjects were sure to within 4 my, others to within 10 my. 

'The influence of contrast and general illumination on colour recog- 
nition is an important one, but a systematie survey of the literature 
will not be attempted. Amongst the more important papers may be 
mentioned Rollet (1867), Schmerler (1883), Hering (1887), Kixkchmann 
(1891), Pretori and Sachs (1895), Fröhlich (1921 b), Fer nil Rand 
(1912, 1916 a and o), Cook and Kunkel (1916), Crane (144y/). Kirsch- 
mann's law states that colour contrast is best observon brightness 
contrast is eliminated or reduced to a minimum. O 

The desaturation of colours by white ligh been studied by 
Draper (1879) and Rood (1880), Nutting ones (see Luckiesh, 
1924) measured the just noticeable decr saturation at different 
colour saturations. Jaensch (1919-21), dol (1921), and Marzynski 
(1921) have written on the tendency jo*fame the colours of objects 
aecording to our previous experien these objects and irrespective 
of their illumination. 

Hartridge (1913), in the cou Q is work on the absorption bands 
of haemoglobin, discusses actors which affect the measurement 
of absorption bands in gekerpl. The individual variations were found 
to be considerable. ‚Tag initial intensity of the light, the value of 
visual threshold, as ed by dark adaptation or previous exposure 
to a bright light, ontrast all affect the apparent positions of the 
edges of the b N In the case of the yellow edge of the a band of 
oxy-haemoglol Mit was found that its edge shifted gradually from 
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581-2 mu to 586-8 mu as the intensity of the incident light was de- | 


creased to 1/128, its initial value. The edges of the band fcr the 
normal eye are at 582-9-571.2 mu, for an eye which has been rested 
in the dark 581-1-572-6 mu, and after stimulation by bright light 
084-5-569-4 mu. The factors mentioned above are extremely impor- 
tant in the discrimination of the colours of dyes with a single blunt 
absorption edge. The argument is developed in a later paper (1920): 
‘The changes (in hue) for a given alteration of concentration are 
greater the flatter and broader the absorption band. If,therefore, there 
are two pigments of the same concentration and the same colour, 
one of which had a sharp well-defined band, while that of the other 
was broad and flat, the latter pigment would be found to give the 
more accurate readings in the colorimeter’, since an equal increase 
in the thickness through which the solution 1s viewed will bring about 
a greater change of hue in that solution with the blunt cut absorption 
band. 


VISUAL FATIGUE 


One would expect to find yery little work of a quantitative nature 
on a subject with such a vague name as fatigue. There appears to be 
practically none which is not related to colour vision. Visual fatigue 
has been treated from three points of view: (a) the after-effects of 
exposure to certain adverse conditions, (b) the after-effects of exposure 
to white lights varying in quality and quantity, (c) the after-effects of 
exposure to coloured lights. 

Attempts have been made to define and classify the effects of fatigue. 
Jackson (1921) gives three criteria as to the presence of fatigue: 
(1) Retinal fatigue as evidenced by lower visual acuity. ‘This 
dropping of visual acuity begins very soon after the eyes are 
brought into use. We find habitually that a patient with the eye 
properly focused gets his best vision on first looking at the test cards, 
after a slight period of rest. If he does not utilike it and attempts to 


decide on doubtful letters by steadily looks t them, he makes 
more and more mistakes. Often the pati@%j~almost says the right 
letter or quite utters it, and then immedzat&ly changes his mind and 
says something else.” (2) Closely rela o his lowered visual acuity 
is the fatigue significance of after-i . (3) Failure of co-ordination 


by the extra-ocular muscles. 

Ferree (1914-15) and Ferr Rand (1915 a) state that a good 
test of fatigue is the ratio göğe time of clear to unclear vision of 
a test object. They think thet fatigue is localized in the muscles of 
the refraction mechani nd that it is not retinal. For its highest 
efficiency the eye re ‘the field of vision uniformly illuminated 
and no extremes ON. ace brightness’. Under correct illumination 
the eye ei ee practically constant efficiency for from three to 

e 


four hours. effect of poor systems of lighting *is not so great, 

e ability of the fresh eye to see clearly as it is on its 

d its efficiency’. Under an illumination that gives 

“maxjı cuity for the momentary judgement, the eye runs down 
rapido efficiency’. 

EN se writers in a later paper give their further views on the 

ses of ocular fatigue (1925 d). Most of the diseases of the eye 
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are attributed to defects in artificial illumination, which is supposed 
to produce a maladjustment between the amount of accommodation, 
convergence, and the size of the pupil. As regards the discomfort 
due to glare they state that the * sensitivity for certain parts or zones 
in the peripheral field is greater than that for the centre; that the 
sensitivity is in general greater for the temporal than for the nasal 
half of the field, and for the lower than the upper half; and that in 
passing from the centre to the periphery the sensitivity 1s found first 
to increase, then to decrease, becoming extremely little at the limits 
of the field’. 

Mosso (1915), in his book on fatigue, has a great deal to say on the 
subject of fatigue of the eye, which is attributed to several different 
conditions: cerebral anaemia, retinal anaemia, and muscular fatigue 
of any of the extra- or intra-ocular eye muscles. Retinal anaemia 


` can be demonstrated by pressing the sclera whilst gazing at an illu- 


minated surface; after about ten seconds only a much diminished 
sensation of light will be received. Mosso’s observations apply in 
‘general bodily and mental fatigue’. 

Some other writers have speculated on the anatomical site of 
fatigue. Lasareff (1923) quotes figures to show that the strength 
of a faradic current necessary to produce a sensation of light on 
stimulating the sclera is constant whatever the time during the course 
of dark and light adaptation. According to this, the site of fatigue 
must be peripheral to the ultimate distribution of the optic nerve 
fibres, and not in the eye centres in the cortex of the brain. 

Troland (1916 b and c) uses the word ‘minuthesis’ for the ‘de- 
pression of a sensation under the influence of a stimulus, to replace 
the word “ fatigue”’. He gives measurements of the time required 
to produce a just discernible minuthesis for different colours at the 
same intensity. In addition he measures the time required for the 
retina to reach a condition just indistinguishable from that of equili- 
brium. *Given a sufficiently long exposure, the visual system reaches 
a state of equilibrium with respect to any stimulus high nay be 
acting upon it, and in this state the eye yields a sensa AN ich is 
not subject to further minuthesis.? The paper has erence to 
the lasting effects of fatigue. G 


1. Tur Errecrs or Exposure TO Ney CONDITIONS. 


The Manual of the Medical Researclk¿LtBoratory U.S. A. 1918, 
1919 gives a method of testing candid: for the Air Service which 
will be described elsewhere (p. ve fe tests are repeated under 


conditions of oxygen-want. The ge results of performance are 


given. 

Breton (1920), in the courts discussion on range-finders and 
their use, states that ‘in us minutes to half an hour under 
good weather conditions, t observers tend to fail progressively in 
the accuracy in their Segs ”, so that if a ship is continuously in action 
for much longer perjeesyeither the range takers must have periodical 
relief or her gu ractice will deteriorate’. The ‘cuts’ referred 
to consist in AOS the two halves of the same images seen through 

asses. In the case of observation on a post the 


separate objec 
procedur s onparil to the setting ofa vernier. He states that 
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there is no evidence as. to how long it takes for fatigue to appear in 


the use of stereoscopic range-finders. Hanson (1920) discusses the 
effect of bodily posture in reading and the use of telescopes. 


2. Tue Errects or Exposure To WHITE Ligur. 


Most of the work under this head has been done with a view to | 


ascertaining the best types of illumination fittings (luminaires). Much 
of it, on the immediate effects on eye, is wrongly called ‘ ocular fatigue °; 
the influence on visual performances of a bright unguarded light near 
the line of sight, for instance. The observations on these immediate 
effects are to be found in the section dealing with the effects of lateral 
illumination on the eye. The work on luminaires, again, deals for 
the most part with the question as to whether a given source of light 
is ‘restful’ or ‘annoying’ to the eyes. If the feeling it produces is 
one of pleasantness, it is assumed that used over long periods it will 
produce no ill effects. If, on the other hand, there are strong con- 
trasts or blinding light sources, it is assumed that ‘eye-strain’ or 
‘ocular fatigue’ will follow. Gould (1920) classifies occupations 
according to the percentage of employees suffering from ‘ eye-strain ’. 
He says the grouping has ‘the value only of my guesses’. He gives 
a formidable list of diseases due to this “eye-strain? ; it includes ‘tics, 
choreas, epilepsies, and lateral spinal curvature’. Other writers on 
‘ocular fatigue’ and ‘eye-strain’ are Baur (1912), Alger (1913), 
Lancaster (1914), Kerr (1916), Oblath (1924). 

Kaz (1914) made observations at different illuminations to determine 
the maximum contrast which could be employed in order not to inter- 
fere with the recognition of test objects. The maximum contrast 
allowable is greater at high than at low illuminations. With the 
illumination of the brightest part at 2.44 M.K. the maximum contrast 
is 1 to 8 ; 8:96 M.K., contrast 1 to 28; 133 M.K., 1 to 56; 515 M.K., 


1to110. An apparatus is described for making these measurements. 


Other writers dealing with the effect AAY gue on reading are 
Griffing and Franz (1896), Dearborn (190 SN ar (1922), the 
first dealing more especially with A N er ee en and 
colour. 


3. Tue Errecrs or Expos WA er Lianrs. 


* Earlier authors, including ern and most physicists, make 
free use of the conception of fatikug to account for successive induction, 
but the facts, and specially Bs of simultaneous contrast, negative 
so simple an ee sr Zn ere is, however, a group of phenomena 
associated with prolon r intense stimulation to which the term 
may be fittingly a Com even in this case it should be done 
* without EN ese phenomena have been studied particularly 
by Burch’ [Pars (1924)]. 

The phendnepâ n after comparatively short exposures of 
the eye to goloüred light seem to differ in degree rather than in kind 
from th ons of intense stimulation referred to above, and since 
they, p Qnorally known as fatigue effects a brief review will be 
g he more re papers. The subject has been investi- 

SS Darwin (1786), Aubert (1858), v. Helmholtz, Hess (1890), 
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Katona, Burch (1898-1913), Edridge-Green and co-workers (1910), 
Watson (1913), Fróhlich (1921 a), Abney, and others. 

Hess (1890) worked at eleven points in the spectrum and investi- 
gated the hue changes in the remaining ten when the eye was fatigued 
to each in turn. He employed fatiguing lights which were not too 
large and observation fields which were not too feeble. After fixing 
his eye on the edge of a 6? fatiguing field for ten or thirty-five seconds 
he turned his eye on to a patch illuminated by one of the eleven 
spectral colours and observed the change of hue. As an illustration 
of his results and also because of the discussions on the effects of 
fatigue on this part of the spectrum the observations for 575 my (yellow) 
will be quoted. When the eye was fatigued to this colour for ten 
seconds 700 mu became bluish red ; 600 mu inclined to red ; a green of 
554 mp inclined to yellow ; a green of 525 my inclined to blue; 500my 
became blue-green ; 490m, bluish green ; 475 mp, blue; 422m yu, more 
blue; and purple, red-blue. After thirty-five seconds’ fatigue 700 mu 
became blue-red ; 600 my, bluish red; 554 mu and 525 mu, blue-green ; 
500 mp, almost pure blue; and the rest of the colours blue. Yellow, 
575mp, appeared the following colours after fatigue to each of 
the wave-lengths stated ; 700 mu, greenish yellow; 600 mu, yellow 
inclining to green; 554p, 525 mu, 500 mu, and 490 mu, yellow 
inclining to red; 475 mu, yellow; 422 mu, yellow inclining to green ; 
purple, bluish purple ; yellow became greenish yellow. 

Burch, in a series of papers (1898-1913), describes the effects 
produced on his eye of very intense retinal stimulation by coloured 
lights. The sun’s rays were focused by a 2 in. focus burning- 
glass on to the pupil so as to fill it completely. The colour was 
got by the interposition of various dyes: a ruby glass backed with 
a magenta-stained film for red; three thicknesses of green glass 
coloured with euprie oxide for green; a tank filled with ammonium 
copper sulphate for violet; and for blue, the blue prismatie spectrum. 
After fatiguing the eye in this way he observed the effect, on the 
colours seen through a single prism speetroscope illumir by the 
sky. The red from A to B; the green from the neighbgüNdod of Æ ; 
the blue about half-way between F and (GF; and th let at and 
beyond H, produced well-defined and character sul The 
intermediate portions of the spectrum produced ts intermediate 
in character, that is fatigue to orange and ERO ; blue-green and 
indigo produced changes similar to those re d by fatigue to the 
colours on either side of them. After EN o red, green, pure blue, 
and pure violet he found: * (1) All diree(3ehsation of the colour used 
in fatiguing the eye is practically lepi not merely from the corre- 
sponding part of the spectrum, bu from those regions in which 
it overlaps the other colours. colour used for fatiguing the 
eye produces a positive after- of the same colour like a luminous 
fog, by which the hue of & other colours is modified if they are 
relatively weak but is u iced if they are bright. This effect is 
strongest in the viole& a6 weakest in the red. After light from A to 
D all sensation of re Wishes. The spectrum begins between C and 
D with pure grege N" The blue and violet are unchanged in extent, 
but look a tri Ne mer intone. After light from D all sensation of 
both red EN n vanishes, the speetrum beginning with blue just 
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beyond the b lines. The violet looks very brilliant and extends quite 
as far as usual. After light from Æ all sensation of green vanishes, 
and the red meets the blue and overlaps it between b and F. There 
is a strong subjective green glare which, if the slit is nearly closed, 
makes the red look orange and the violet dull and dirty, but on opening 
the slit the red resumes its natural colour. After light from about 
half-way between F' and G all sensation of blue vanishes, the violet 
meeting the green and overlapping it at about the same part of the 
spectrum. ‘There is a strong subjective blue glare making the red 
look slightly crimson with a narrow slit. The violet extends as far 
as usual but is more ultramarine in tone. After light from between 
H and K all sensation of violet vanishes, the spectrum ending with 
a pure blue of great brilliancy about midway between G and H. The 
green and red have their usual limits, but with a narrow slit the red 
appears bright purple and the green almost white. 

* During the condition of blindness to any one colour it is possible 
to blind the eye to any of the remaining colour sensations. Thus 
after light from A and B combined with light from G and K, only 
the green sensation is left, the spectrum extending strongly from 
D to F and more faintly to C in the one direction and nearly to G in 
the other. Similarly after light from G to K followed by light from 
E, only the red sensation is left. It extends from A to a little 
beyond b.” | 

On the basis of these experiments, Burch came to the conclusion 
that there are four primary colour sensations, red, green, blue, and 
violet. For a criticism of this assumption see Rayleigh (1899). 

Edridge-Green and Marshall (1909) criticized Burch’s results on 
the grounds that the fatiguing light was strong enough to produce 
pathological effects. They ‘produced fatigue by using a sodium 
flame and staring at it for some minutes. . . . On exposure of the eye 
to the sodium flame for from three to fifteen minutes and then 
looking at the spectrum we found the yellow entirely obliterated, 
and only a faint band of orange separated thg«d and green, but if 
the eye were still further fatigued this also Xe ébliterated, and the 
red and the green met without anything w, er intervening.’ 

‘The red looked rather more purple ; green was slightly tinged 
with blue. The blue and violet at faffJappeared greatly diminished 
in intensity but not changed in ND r. There was no shortening 
whatever of the red end of aon um; it terminated at precisely 
the same place as it did pre@otts’to the eye being fatigued with the 
yellow light. If one eye e^ were exposed the other remained 
perfectly normal and co e used as a control” With one eye 
protected with a piece ee glass, which was found on spectroscopic 
examination to tra ed rays only, ‘we looked intently into an 
incandescent jew amp, and on looking into the spectroscope we 
found the red rated as red. It was shortened to from half to 
ici darters Gel extent, and here we were unable to see any light 
at all; the. we could see was changed to orange”; the true orange 
W, and the yellow, yellowish green. 

g the eye with green light caused the yellow and blue to 
on the green. If the eye were saturated with blue light 


en 
N disappeared and the violet and green met.’ If saturated 
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with violet light, the violet became indistinguishable from the blue, 
and the real blue became greenish. 

Porter and Edridge-Green (1912) continued their researches 
fatiguing the eye for twenty seconds with a fatiguing light which 
was much stronger than the reacting light. The projected after- 
image of the colour was made to fall down the centre of a spectrum 
on a screen for the whole of its length. The length of time allowed 
before taking the readings is not apparent. After fatiguing the eye 
by pure red light (654-675 mu), the extreme red was ‘slightly 
diminished’, and there was no perceptible action on orange, yellow, 
and green. Blue and violet became much darker and bluer. When 
a filter was used so that only red and orange appeared on the screen, 
the red ‘disappeared’ whilst orange remained. ‘ After exposure to 
654 mp. to 675 mp, orange-red [sic], a sodium flame was viewed and 
found to be very little affected in the region of the after-image (no 
effect A. W.P.) (slightly green H.-G.) though the green-blue after- 
image was very strongly marked on either side of the sodium flame.’ 
After fatigue to 619-631 my (orange), a dark blue after-image was seen 
right across the spectrum except in the region of the orange, which ap- 
peared unaffected. Fatigue to 585—595 my (orange-yellow), 545—550 mu 
(yellow-green), and 496-500my (blue-green) gave a purple after-image 
seen right across the spectrum, the red being affected most; fatigue 
to 475-480 my (blue) gave a reddish purple after-image and no action 
on red and orange; fatigue to 445—455 my (blue) gave an after-image 
of yellow-green (A.W.P.) or orange (E.-G.), and the violet and blue 
were cut off whilst green and red appeared yellower; fatigue to 
425-436mpu (violet) gave a green after-image, which made the 
violet and blue appear green, and made the green appear a slightly 
yellower green, and did little or nothing to red or orange. They 
conducted a further series of experiments using a different brightness 
of the reacting light. Space does not permit the results being 
quoted. 

Burch (1913 a and 5) criticized Porter and Edridge-Gre 
on the ground that the stray light in the rooms rendere 
impure. He maintained that this stray light, especi 
will explain their results, and that after fatigue to reqN 
observation that yellow does change to green e 


is à common 
to the green- 


blind O 

Edridge-Green (1921) in a dark room t Jr i stray light, and 
using a 1,000 C.P. Pointolite to form a cokur patch, investigated the 
effect of red fatigue on the white equ . Fatigue was induced 
by looking at a 100 C.P. Pointolite wy», a condenser through a piece 
of deep red glass allowing rays tr length than 600 mp to 
pass. A patch made up of thirt n, thirty-six red, and forty-two 
violet which ordinarily appegzNN white, appeared a brilliant green 
after thirty seconds’ red fi ' To produce a white after fatigue 
eight green, thirty-six re rty'two violet were needed. “There 
seems to be consider variation in the length of time necessary 
to cause fatigue with rent persons.’ 


Wanach NN that the eye fatigues more quickly to the 
t Mie 


less refrangibl ral colours than to the more refrangible. Fatigue 
lasts longer RY macula than at the periphery. He eliminated 
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stray light entering the eye through the sclera which could have 
accounted for the results. 

Woog (1919) found that the persistence of retinal impressions 
is longer for the centre than for the periphery of the retina. 

Abney (1918) made a very complete investigation into both the 
hue and luminosity changes after fatigue to white and coloured 
light. Space does not permit of his results being dealt with ade- 
quately ; the original work, or Parsons (19247) for the theoretical 
aspect, should be consulted. A few examples only will be given 
here. The method employed was to fatigue one eye with a spectral 
colour, and then to gaze on a patch illuminated by a reacting colour. 
The change in hue was judged by comparison with a similarly 
illuminated patch visible to the unfatigued eye only. The results 
are given in Table XXI. 


Taste XXI. 
Reacting Fatigue time 80 seconds. 
Colour. Luminous intensity of fatiguing patch about 2 candles, 1 foot from the screen. 
‚about. Red Fatigue. Fatigue with 598 mp. Fatigue with 540 mp. 
670 mu Same colour, but No change; a little A little darker 
darker darker 


647 mu » 3 1 Colour a little darker AİR 

590 mu o Greenerandslightly No change, only darker Slightly darker 
darker 

540 mu Green ; slightly Bluer and darker Darker: no change in 

luer colour 

515 mu Green; slightly Much bluerand rather Slightly bluer 
bluer darker 

489 mu No perceptible Slightly bluer Bluer and darker 
change 

442 mu Bluer than un- No apparent change No visible change in 
fatigued in colour, but darker colour 

All the Much bluer and Bluer and darker Slightly dimmer 
violet darker 


‘The general results that are obtained frog pese fatigue experi- 
ments in the spectrum are as follows. W eye is fatigued by 
red, the red itself is reduced in lumin ; the orange becomes 
yellow; the yellow greener; whilst th en, owing to the inherent 
white, becomes a bluer green; the b C3rcen is not so much affected ; 
the blue becomes greener and the wi becomes bluer green. When 
the eye 1s fatigued by green, th remains unaltered; the orange 
‘becomes redder, as does the RI ; the green becomes paler and at 
one part nearly white; the -green becomes bluer, the blue more 
violet, and the violet unchgnged. Fatigue by a patch of blue is more 
diffieult to induce. T incipal change is in the blue-green, which 
becomes greener violet redder.’ He points out that after 
fatigue to about mu, where the red and green sensations are 
equally Ape nud colour composed of red and green sensations. 
will not alter ue 


‘If a daghng green ray falls on a place in the retina, we have 
the greeynSehsation at its maximum stimulation at once, and follow- 
ing ee on we have the red and blue sensations contained in the 
ra eir maximum stimulation. When the three stimulations are 
BANN the effect is to produce the sensation of white. The green 
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would thus appear nearly white, with a slight tinge of green in it. 
From the sensation composition of an orange ray, which is red and 
greeh, we should find, on using the same argument, that the dazzle 
colour of the orange would be very bright yellow of a hue in which 
the two stimulated sensations are equal.' 

Houstoun (1918) found that when he was very tired he could map 
out only 14 homochromatie patehes in the spectrum, whereas nor- 
mally the number was 17 or even 19 when he was feeling very 
fit. (See p. 45.) 

Hamilton and Laurens (1923), in a continuation of their paper 
on brightness discrimination (see page 47), did a careful and ex- 
haustive series of experiments on the eye's ability to discriminate 
differences of hue after fatigue to spectral colours, A fatiguing field 
of 4° diam. and a reacting field of 3° diam. were employed. Fatigue 
to red was induced by gazing at a field of about 650 my (brightness 
85 millilamberts) for thirty seconds. After this the eye was 
directed on to the reacting spectrum (about one photon) and the two 
halves of the field were adjusted to equal brightnesses, and the 
smallest perceptible difference in hue measured. This performance 
was repeated to make sure that no recovery from fatigue had taken 
place. From the single minimum at about 480 my the curve rose 
steadily to a maximum about 620 my, where wave-lengths 30 my apart 
could be only just distinguished as differing in hue. The following 
names were applied to the colours: 650 mu unsaturated reddish ; 
630 mu green; 550 mp green. For fatigue with green (517 mp) a field 
brightness of 52 millilamberts was employed, the other conditions 
being unaltered. There were 2 minima at about 490 and 520 my. 
The latter value was also obtained in their previous paper, but was 
not noted by Steindler. Blue fatigue to 460 or 440 mu and a field 
brightness of 3 millilamberts gave indications of 2 minima. 

They also investigated the effect of ‘non-selective fatigue’, i.e. 
where one sensation was not affected more than another. As 
fatiguing lights they used: white, a 3° field on a piecegs ground 
glass illuminated by a 100-watt gas-filled lamp 50 cm. ay; *orange- 
red of 630 mu and 156 millilamberts ; yellow of 5z(MJ p and 342 
millilamberts; blue-green of 480 my and 9 millila ts. The hue 
discrimination curves do not differ markedly frag% normal except 
that the average threshold is higher and the xe: minimum is lost 
in all, and the violet minimum in some. colour names were 
unaltered. x. 

They measured the increase in briglftyss which it was necessary 
to give to a patch of colour of tbe säme wave-length as that to 
which the eye had been fatigued order that it should equal in 
brightness a patch of colour-of.di t wave-length but which before 
fatigue was equally bright. 7 varied both the fatiguing bright- 
ness and the reacting a s. The results for one observer are 


given in Table XXII. 
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Taste XXII. 


Per cent, increase of Colours of 
Fatiguing Light. Intensity of Homochromatic stimulus the two test 
Composition reacting fields to match Heterochromatic o fields as 
Wave- Intensity in of test field to unfatigued stimulus as seen by seen by 
length.  millilamberts. in mws. eyein Photons. Jatigued eye. fatigued eye. 
650 mu 85 650 and 460 0-07 1730 GB 
0-77 248 Y-grey-G : B 
75 0 Deep O-R : B 
650 and 517 0-07 1730 to 2340 Black : G 
0-77 248 to 336 Pink : G 
7:5 97 to 63 R:G 
517 mu 52 517 and 460 0:175 200 
0-4 110 
0-7 0 
517 and 650 0-175 207 
0-4 103 
0-7 0 
570 mu 342 570 and 460 0-33 289 
0-63 66 
3:06 53 
4.68 
570 and 517 0-33 300 
0-63 70 
4-06 30 


‘It is to be emphasized that in addition to the differential brightness 
fatigue which has just been discussed, there is also a general fatigue 
which affects all colours in the spectrum, no matter with what light 
the eye had previously been fatigued. For example, after red fatigue 
a red-blue test field would appear much dimmer to the fatigued eye 
than to the normal eye.’ 


‘ Adaptation’ to Colour. Closely related to the subject of the 
after-effects of exposure to coloured lights is that of adaptation to 
colour. Aubert found that coloured objects appear colourless in both 
direct and indirect vision if the stimulus is sufficiently long continued, 
According to Brücke the light-adapted retina ¿may adapted to 
red. Exner (1868) found that three parts of th rum are much less 


altered in appearance by adaptation fatigue other parts, namely, 
red from the end of the spectrum to hewWeen the lines C and D, 
green between E and b, and blue abo . The effect lasted about 


ten seconds. v. Kries (1882, 1905 the other hand, found that 
yellow (560 inp), green (500 mp blue (460 my) changed least in 
hue, red and yellow-green cha > the direction of yellow, whilst 
blue-green and violet change the direction of blue. With long 
fixation a colour loses in bri&Wtness as well as in hue. Hess (1890) 
found that for prolonge Ghiion of a colour it becomes less and less 
saturated (mixed with, mplementary) and finally disappears ; also 
. that the complemer e fatiguing colour always remains unchanged 
in hue. Allen’s Sition points, i.e. the points in the spectrum after 
fatigue to whidg the spectral colours remain unaltered in brightness, 
are at 660 mg, 570 mp, 470 mp, 420 mu. Sheppard (1920) found that 
all colour, ¿Roe grey in appearance if fixation 1s sufficiently pro- 
longa SO e subject sat in front of a large coloured screen lighted by 


bri light or by a bright light indoors. The times taken to 


rea is grey stage are given in the Table XXIII. 
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Taste XXIII. 


Sunlight. Artificial Light 
Relative Time for Relative Time for 
Colours. Luminosity. Adaptation. Luminosity. Adaptation. 
R 18 194-1 sec. 22 91 sec. 
(0) 34 ITA, 20 9085 
Y, 55 459 ,, 18 9515, 
VAC pet 46 51:8 ,, 28 Ui le es 
G 37 50-6 ,, 32 56 ,, 
B-G 3 119-8. ,, 40 40 ,, 
B 12 220-0 ,, 12 1202... 
V 22 2093 ,, 30 pem 


Similar determinations were made with pure spectral colours. An 
artificial pupil was used. ‘The amount of light that entered the 
collimator of the spectroscope was 61-4 C.P? He claims that the 
curves obtained for ‘adaptation ’ almost coincide with Abney's spectral 
luminosity curves. The colours did not proceed to neutral grey if the 
light entering the spectroscope was less than 60 C.P. ; if the light was 
more than 100 C.P. there is ‘pain’ on fixing a coloured object. He 
also used coloured filters in front of an arc light. The adaptation times 
are longer than with a spectroscope and moderate illumination. 

By the appearance of the screen at different times he judges that 
the fovea has a longer adaptation time for colour than any other part 
of the retina. This law apparently holds for high intensities as well 
as for medium and low intensities. Brightness is not the determining 
factor in the ‘adaptation’ time, but ‘chroma’. Adaptation is rapid 
at first and then slower. The experiments do not succeed with small 
coloured areas because of the difficulty of maintaining fixation, espe- 
cially towards the end of the time. 

Troland (1921) did similar experiments with coloured papers of the 
Hering and Milton-Bradley series. He noted the change of colours 
for a period of one minute. A large field of 60° x 50° was used. 


The results are given in part in Table XXIV. \ 
TasLe XXIV. Qv 
Stimulus Intensity Colour Phases. NS 

Colour. candles/metre?, Initial. Intermediate. A A Ute. Remarks. 
R (Hering) 50,000 wr’ wr Revival of red 
HE ss) 130,000 gy gy N 
ER) 80,500 wg’b’ wgb web Moments of 

grey 

BG Gurt) 31,000 b’w so b^w 
Purple( ,, ) 37,500 w’rb wr w”rb 


Fight lack, of saturation, gy = equally 


n green, g/y = yellow much stronger 


Abbreviations : w = lack of saturation, w, 
green and yellow, g'y = yellow strons 


than green, «e. 
N 
His conclusions are (1) pif Dolonged exposure to large chromatic 
stimuli of high (but not u nal) intensity does not lead to a disap- 
pearance of hue ; (2) tha@e qualitative change that does occur occupies 
a short time, and ya re may be recovery during the stimulation ; 
(9) that with ver A ntensities complete disappear: ance of the charac- 
teristic hue n sue soon after the beginning of exposure. This 
does not invo, SS abolition of all chromatic quality, and never leads 
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to a grey sensation ; (4) that if a small white or grey object is introduced 
into the colour field in the above experiments the colour of the field 
is suddenly restored. This is interesting in connexion with Allen’s 


- work. 


Troland did a further series of experiments with a large field as 
before, but each half covered with a differently coloured paper. As 
would be expected there was far less desaturation of the colours. 

Akin to this problem of the change of hue and brightness of large 
coloured areas is the phenomenon of the apparent disappearance of 
white and coloured areas of feeble illumination on prolonged fixation. 
This has been investigated by Lange (1888), Marbe (1893), Ladd (1898), 
Dunlap (1921), Ferree (1906, 1918), Troland (1921), and Heinrich and 
Chwistek (1906). Marbe found that a coloured light of moderate 
intensity appears to vanish for a very short period of time only. If 
of feeble intensity it either disappears‘completely or fluctuates (Ladd). 
This may be because the fovea is physiologically blind for feeble 
illuminations. Dunlap found that there is disappearance with eccen- 
tric fixation ; the darker and smaller (6 in. diameter or less) the light 
spot the quicker it goes. Ferree found that small areas do not dis- 
appear, whereas large areas do: this is attributed to eye movements. 
T'roland found that large areas do not disappear completely, but only 
wane. He explains the results of other experimenters as due to 
alterations in the size of the pupil. He did some experiments where 
the subject increased the illumination every time the spot disappeared 
and so got the minimal illumination necessary for constant perception. 
A table was given of the minimal threshold at which each spectral 
colour just does not disappear. 

Incidental references have been made to the alterations of brightness 
after fatigue in the section dealing with hue changes. Grünbaum, 
Allen, and Hollenberg have made determinations on the brightness 
of colours after fatigue, using the flicker method. This has the 
advantage that it is not a comparison method, but it has the disadvan- 
tage that it assumes that the equation for the ¿ide of persistence of 
retinal impressions with change of brightneg&}s *alid when the eye 
is under changing conditions, Used to co 'e the fatigue effects on 
different colours it is extremely Pro Pünbaum (1917) measured 
the critical frequency of flicker tory ame light 45, 90, and 180 
seconds after exposure to a constar S9 (see Parsons, 1994, p. 129). 
Allen (1919—25) and also d o 924) have measured the critical 
frequency of flicker, i. e. the bi¢ghtrfess of iceri colours after fatigue 
to a number of colours. V did this using the same eye for the 
fatiguing and Beto brightness, and also exposing one eye 
to a spectral colour, andafeâsuring the brightness of colours with the 
other (* Reflex Vis ine ). His results cannot be cited in 
detail. Briefly EN e: that fatigue to red, green, or violet ‘caused 
one elevation 2 e part of the spectrum corresponding to itself", 
that is, the f divi of those colours was diminished when viewed 
subsequentig4o the fatigue. ‘The remaining colours each caused two 


ENT hich were pairs of those obtained with simple colours. 
i 


It was d that when the retina was fatigued with the four colours 
66, NS , 470, and 420 my the normal and fatigue curves coincided, 


A 1ese transition points were believed to mark the boundaries 
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| between the simple and compound colors’ Shining a coloured 
light into one eye caused the ‘reflex’ excitation of all three sensations 

| in the other or in different parts of the same eye, but particularly of 
the same colour as the exciting colour. In the case of six colours 
(660, 570, 520, 505, 480, and 425 my) it was also found that ‘the 
direct and reflex effects balanced or neutralized each other, so that 
even after prolonged exposure of the eye to their influence, all colours 
of the spectrum were seen without diminution or enhancement of 
brightness. In consequence these hues were termed equilibrium 
colours.’ As regards the state of adaptation of the eye it was shown that 
the brightness of spectral colours was greatest when both eyes were 
rested normally in daylight, but if the eye not being used to take the 
measurements was blindfolded the brightness of the colours was 
decreased. If both eyes were rested in a completely darkened room the 
brightness of colours was diminished still further, whilst it was 
minimal when both eyes were kept in a dimly lighted room. Allen’s 
results give a most satisfactory explanation of colour contrast. 

Amongst papers on after-images may be quoted Miles (1915) and 
Troland (1916 and 1917). Dobrowolsky and Gaine (1876), in their 
investigations on peripheral vision, found a marked effect of fatigue. 
They used Snellen types and twelve subjects. ‘The type was much 
more easily read in the peripheral field of vision if it was moved. 
Their subjects showed a marked practice effect. 
For theoretical discussions of colour fatigue in the light of modern 

knowledge see Parsons (1924) and Peddie (1922). 


METHODS AND APPARATUS 


1. Test OBJECTS. 


Hay (1919), using a type of his own, determined the ease with 


which the various letters could be read when of equ: e and 
viewed at the same distance. He recommends the use e easiest 
letters in standard test types. 

Sheard (1921) quotes the recommendations ne American 
Medical Association as to the construction of types, and also 


are used. Sheard draws attention to the fac there are individual 
variations in the ease of reading the sev ters. Hartridge and 
Owen (1922) made a complete investiga) AS on themselves using 
Green's type. The actual oup of Oe of distance were recorded. 


makes some suggestions of his own. In © ases all the letters 
t 


They find that there is a group of rs of medium difficulty which 
differ very little in the ease y hich they can be read; these 
letters are recommended fgxXke construction of test types. The 
results agree with the quietos from a consideration of visual 
acuity findings, with gratie e. The British Journal of Ophthal- 
mology (1920) ) discusses Ge illumination of test types. 

Lóhlein discusses value of visual acuity tests. Meisling (1919), 
Dor (1920), R (QW (1920), Schwartz ini and Pacalin (1921) 
im the mS test objects, particularly for children. Amman 

(1922) SS sides the importance of peripheral vision as an aid to the 
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central vision involved in the testing of visual acuity. Edridge-Green 
also mentions this fact. 

Ives (1910 a) describes a test object made by superimposing two 
finely ruled gratings which, on rotation one over the other, give 
a series of dark bands on a grey background. The distance between 
the bands is given by re , Where d is the spacing of each grating 

2 

and 6 is the angle moved through. The advantage of this test object 
is that the size of the detail only is variable, and that this variation 
is gradual. In (19166) he described a new form of this device in 
which the two single line gratings of the earlier form are replaced by 
eross-line gratings, which, when rotated with respect to each other, 
present a pattern of uniformly distributed squares which expand or 
contract when the gratings are turned. Lux describes the Raster 
photometer for rapid measurements of illuminations by a visual 
acuity method. The test object is that described by Ives. 

Kirsch (1920) describes the Zeiss optical apparatus for measure- 
ments of visual acuity. In this instrument the size of a projected 
image of a letter can be varied at will, so overcoming the defects 
of ordinary test types where some letters are more easily read than 
others. Contino (1922) points out one of the disadvantages of 
Snellen’s types as a measure of visual acuity, namely that the gradua- 
tion is not gradual. He uses the “E” test. The observer is five 
metres from the nearer of two convex lenses through which he ob- 
serves the letter. The position of the other lens is then gradually 
altered until the observer can just recognize the direction in which 
the letter points. He gives a formula for the ratio between the 
angular size of the image and that of a letter visible at five metres by 
an eye with a visual acuity of one. 

Dunlap (1915 a) gives an account of the “duoscope”, an instrument 
which is ‘not sensitive to brightness changes over a considerable 
range’ but to adaptation changes, and may a useful as an 
‘adaptometer”. 

Xilo (1920) describes the use of nigrosin 
by Bayer for the reduction of the illumi n when used in a glass- 
sided wedge. Ferree and Rand (1920, ) deseribe the apparatus 
used by them in their investigatioi& Sen visual acuity. The test 
object was a Landolt broken cirghkeQyhich could be rotated into any 
desired direction. The gap s ge» an angle of one minute to the 
observer. The illumination y&s varied by an adjustable diaphragm. 
Henry (1925) has devised arkgpparatus for the clinical determination 
of the ight minimum anQyitference. 


itions (A.M.D.) made 


2. NM Purır (see also elsewhere). 


Cobb (1911) erree and Rand (1916 c) describe the method of 
forming an Kad of the analysing slit of the spectroscope upon the 
pupil of thé-pye. By this means the amount of light entering the 
eye car regulated ; the method can be used instead of an 
ipei Troland (1915) describes the use of the artificial 
p d a method of securing rapid and accurate concentric registra- 


A hen used binocularly. No artificial pupil is of any use for 
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test objects subtending more than 53°. 'The paper contains an account 
of the theory. 
9. Tse Testıng or PERSONNEL. 


The Manual of Medical Research, Washington (1918 and 1919), 
describes a method of testing Air Service personnel. The test 
object consisted of a one-inch square of grey paper mounted on a two- 
inch square of lighter grey. There were thirteen perceptible differ- 
ences between the two squares. A photometric wedge was drawn 
slowly across the sight-hole until the test object just ceases to be 
distinguishable. For threshold determinations of colour and light, 
the test object was a 3mm. diaineter aperture in the iris diaphragm 
of the light source. The time allowed was five to eight seconds. Some 
average results are given. Herlitzka (1919) determined the visual 
capacity of aviators by presenting a black pattern on a white ground 
after previous stimulation by white. Ferree and Rand (1919) describe 
a method of testing the speed of adjustment for clear seeing of the 
eye at different distances. They claim it should be used in the 
routine examination of the eyes of airmen, &c., see p. 10. Cantonnet 
(1919 aand b) describes tests for aviation candidates which include 
quickness of perception, sensitivity to dazzling, night acuity, and 
dark adaptation. For a discussion of the subject see Spearman 
(1919). Baeumler and Hess (1920) describe the testing of railway 
personnel. 


4. COLOUR. 


Ferree and Rand (1916 b) describe a campimeter in which the 
stimulus is spectral light of known wave-length and intensity, and 
can be presented at any point of the meridian of the retina. Kirsch- 
mann (1916) advocates the use of gelatine light filters in colour work, 
since by this means large areas can be illuminated. 

Papers concerned with the radiometry of colours are, Coblentz 
(1911), Ferree and Rand (1912), Nutting (1919), and P% (1918), 
and with spectrophotometry, Tufts (1907), and Dittle Satake 
(1914). © 

The following papers will be found useful to thag& Not acquainted 
with the technique and terminology of optical inggtgations: Trolantd 
(1917 a, 1918 0), Nutting (1920 b), Dow (192 nd Cobb (1916 a), 
whose paper is written for investigators) ose branches of bio- 
logical sciences which deal with light od Sheard (1921, 1924) 


deals with the subject chiefly from the fe Nhkical point of view. 
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Absorption bands, setting of, 17 
Adaptation, 17, 19, 27, 32, 89 
“colour adaptation ’, 58 
colour perception and foveal, 44 
light, 32, 39 
nature of, 17 
peripheral, 17, 19 
time of, 17, 19 
Aperture of pupil, see Pupil 
Artificial pupil, see Pupil 
Aviation, 21, 41, 51, 68 


Background, 7, 44, 47 
Binocular judgement, 11, 41 

summation, 24 

threshold, 22 
Blinding lights and glare, see Glare 
Blue end of spectrum : 

adaptation for, 19 

effect on visual acuity, 12-14 
Brightness difference : 

see Weber's law 

matches, 19 

see also Fatigue 


Campimeter, 63 
Carbon lamps, 14 
Chemical basis of vision, 17 
Children’s visual acuity : 
testing of, 61 
Coincidence settings, 12, 
Colorimetry, 17 
Colour: 
adaptation, 58 
contrast, 50, 60 
desaturation of, 49, 59 
effect of size of surface, 44 
effect of background, 44 
effect on dark adaptation, 19, 21 
effect on visual acuity, 12, 24 
equilibrium, 59 
fatigue, 52 
fields, 44 
at high and low intensities, 43 
names, 48 
reflex, 60 
transformation, 49 
Cones, br ightness difference and, 17 


Contrast: 
, 92 ( O 


achromatic, 7-9, 22, 2 
colour, 50, 60 
er 


fovea and, 18 
sensibility, 31, 63 
* 
Dark adaptation SN 
Dark pauses, 38 SS 
Dazzle glare, A 
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Depth, judgement of, 11 
Detail, discrimination of, 13, 15 
Difference fraction, 30 
threshold, see Weber’s law 
Diffraction, 16, 24 
* Diffusion’, 29 
Disappearance of light sources, 60 
Discrimination of: 
detail, 12-14 
dots, 12 
Discrimination factor, 30 
‘Duoscope’, 62 


‘ Efficiency’, visual, 50 

Equilibrium colours, 60 

Entopic light, 18 

Extraocular muscles, and fatigue, 50 
Eye-strain, 50 


Fatigue (see also under separate head- 
ings): 
brightness, 56 
discrimination of hue differences after, 
DE 
luminosity changes after, 56, 60 
of periphery and fovea, 55 
relative rate of to different colours, 55 
Field, influence of size of, 20 
Filters, 62 
Fineness of lines: 
influence on scale readings, 15 


Flashes: 
Y 


appreciation of, 22, 39 

Flashlight photography, 2 

Gelatine filters, 63 

Glare (see also e 30 
angle, 26 xO 


blinding, 35 
dazzle, 35 
effect AN , 44, 45 
effectponNyigual acuity, 22, 33 
sensikiy, 31 
vei 27, 33 


ön of lines and vernier settings, 16 


a of, 43 
effect of fatigue on, 57 


Individual variations, 21, 22, 40 

Industrial output and illumination, 11, 
15 

Intraocular muscles and fatigue, 50 

Irradiation, 7, 33 

Ives’s test object, 24, 27, 62 


Kerosene flame, 14 


Kirschmann’s law, 49 
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Landolt’s broken circle, 9, 62 
Lateral illumination and colour percep- 
tion, 44 
effect of size of angle, 26, 35 
Light adaptation, see Adaptation 
Lines, discrimination of, 15 
Luminaire, 14 


Maximum saturation of colours, 46 
Mercury are, 13, 14 
Middles of lines, estimation of, 17 
Military signalling, 37 
Minimum distinguishable, 7 
change of contour, 7 
change of shape, 7 
visible, 7 
Minimum energy: 
effect of brightness of stimulus, 37 
effect of duration of stimulus, 38 
effect of size of stimulus, 37 
to stimulate eye, 37 
‘Minuthesis’, 51 
Monochromatic patches, number of, 45 
Movement, threshold, 10 


Nagel's test type, 22 


Occupational fatigue, 52 
Ocular fatigue, 50 
Oxygen want, effects of, 51 


Peripheral vision : 
effect on central vision, 61 
see also Lateral vision 
Polarimetry, 17 
Practice effect, 29 
Print, 13, 15 
Pupil: 
aperture, 19, 24, 38 
artificial, 16, 20, 24, 62 
effect of stimulation of other eye, 25 
rate of contraction and dilatation, 25 
Purkinje's phenomenon, 21 


Radiometry, 63 
Railway personel, 68 
Range-finders : 
error of setting, 16 
fatigue in use of, 51 
Raster photometer, 62 
Reading: 
illumination chosen, 11 
of scales, 16 
speed of, 10 
Rectangles, discrimination of e of, 11 
Red end of spectrum: Y 
adaptation for, 15, 39, 3 sO) 
effect on visual acuitt (2) 
‘Reflex’ visual sensa NN 50 
Refraction errors, © 
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Resolving power, 24, 25 
Rods, brightness difference for, 17 


Saturation of colours, effect of illumina- 
tion on, 45 
Seales, reading of, 16 
‘Sensitivity’ of retina, 39 
Signalling, 37 
Size: 
discrimination of, 11 
of field, influence of, 20, 37 
of pupil, see Pupil 
Snellen’s prong, 7, 22, 24 
Sodium flame, 14 
Space error, 30 
Spectrophotometry, 63 
Speed : 
of impression, 39, 63 
of reading, 10 
of recognition, 10, 63 
Squares, discrimination of, 13 
Stars, visibility of, 37 
Sunlight, 14 
Surrounding field, influence of, 26, 44, 
46, 49 


Test types, 61 
for children, 61 
illumination of, 61 
Theoretical, 36 
Threshold: 
binocular, 21 
colour, 43 
limit, 30 
monocular, 21 
sensibility, 20, 31 
Tungsten lamps, 14, 35 ` 
Type, 11, 13, 61 


Veiling glare, 27, 32 


Verniers, settingyof, 12, 16 
Visibility NS 


pl acuity : 
d pupil, 24 


nd retinal sensitivity, 23, 40 
maximum, 16, 24 


Weber’s law: 
deviations from, 17, 28, 35 
for colour, 18, 31, 41 


Yellow, region of, 49 


Zeiss test object, 62 
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(D.A.H.), or *Valvular Disease of the Heart' (V.D. H.). By Sir Thomas Lewis. 
Price 15., post free 1s. 1d. 

No. 9. A Report upon the use of Atropine as a Diagnostic Agent in Typhoid Infections. 
By H. F. Marris. Price 1s., post free 1s. 1d. A 

No. 11. The Causation and Prevention of Tri-nitro-t he T.N.T.) Poisoning. By 
Benjamin Moore. Price 1s., post free 1s. 14d. e 

No. 43. Albuminuria and War Nephritis among Brj roops in France. By H. Mac- 


Lean. Price 2s. 6d., post free 2s. 8d. 

No. 58. T.N.T. Poisoning and the Fate of ğü in the Animal Body. By W. J. 
O’Donovan and others. Price 3s., post 

No. 59. A Report on the Occurrence of E al Protozoa in the Inhabitants of Britain. 
By Clifford Dobell. Price 2s., post fr 

No. 72. The Acid-base Equilibrium (68 NS Blood By the Haemoglobin Committee. 
Price 2s., post free 2s.. 1d. 

No. 96. Clinical Sues e 9 jhine and Quinidine. Price 1s., post free 1s. 14d. 

No. 104. Reports of i Co upon the Physiology of Vision. I. Illumination and 
Visual Capacities. RE Price 2s. 6d. net. 

un 


der the direction of the Medical Research Committee : 


, The following were p iQ 
Milk and its Hy& enik Relations. By Janet E. Lane-Claypon. Price 9s. net. 


(Longmans, es & Co.] 
The sori g in Man. By Clifford Dobell. Price 7s. 6d. net. (Bale, Sons 
| & Daniel 
e In SN dud of Man. By Clifford Dobell and F. W. O'Connor. Price 15s. net. 
EN s & Danielsson, Ltd.] 


In rn to the publications contained in the list given ‚above, numerous memoirs upon work 


by the Medical Research Council have appeared in Scientific Journals, 
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